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Chapter 1 template 2B 
Chapter 1 
Multi-functional switches based on 
dithienylethenes 
 
The introduction of molecular switches as trigger units in materials allows for the 
control of a diverse range of properties by an external input signal. Photochromic 
compounds, such as dithienylethenes, are particularly attractive as multiple 
reversible switching cycles that can easily be achieved using light. This chapter 
provides an overview of recent literature on several types of photochromic 
materials, which have potential applications in the development of molecular 
electronic devices. The focus of this chapter is on the application of photochromic 
dithienylethene compounds as multi-functional switches. The final part of this 
chapter provides a short overview of electrochemical switching of dithienylethenes. 
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Chapter 1 
 
1.1   Introduction 
Molecular devices, as the name implies, are composed of molecules that are designed to 
accomplish a specific function. It can be suggested that any device utilizing a change in 
molecular properties is a molecular electronic device.
1 The simplest device that can be 
imagined is a switch. The defining characteristic of a switch is that of bistability. It has an 
“ON” and “OFF” state. Thus, in its “ON” state, the switch must either perform some 
functions or allow another device to perform its function. In the “OFF” state, it must totally 
impede the function. Similarly, the switch must not change states spontaneously. It must 
remain in the state, in which it is placed, until its state is actively changed.
2 Typically 
molecular switches are compounds that interconvert between two different states (A and B) 
reversibly using an external stimulus such as light, electricity (redox switches), chemical 
reagents, or any non-destructive trigger that can be employed to induce a reversible change 
in the system as shown in Figure 1.
3 The A and B isomers should exhibit different 
properties, such as a large change in molecular geometry, polarity, redox chemistry, etc.  
 
Figure 1. A and B represent two different states of a photochromic switch each of which 
can be addressed selectively by different external stimuli (S1 or S2). 
1.2   Types of photochromic compounds 
There have been several attempts to design molecular switches with the goal of developing 
molecular electronic devices. Photoreversible compounds, where the reversible switching 
process is based on photochemically induced interconversions, play an important role in 
this field. Photochromism, which is defined as a reversible change, induced by light 
irradiation, between two states of a molecule having different absorption spectra, can be the 
basis of a molecular switch.
4 Several classes of photochromic molecular switches are 
known, which use either cis→trans photoisomerization, photocyclization or a combination 
of the two. This class includes azobenzenes, overcrowded alkenes, 
phenoxynaphthacenequinones, spiropyrans, fulgides and diarylethenes. 
1.2.1   Azobenzenes 
Azobenzenes
5 were among the first class of molecular switches reported that undergo 
reversible light-induced cis-trans isomerization (Scheme 1). The trans to cis isomerization 
around the N=N bond in azobenzene is induced by irradiation with UV light. The reverse 
reaction can be accomplished by visible light or heating. A major drawback of azobenzenes 
is the thermal reversion of the Z isomer to the more stable E isomer. Frequently this occurs  
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rapidly i.e. the Z isomers are thermally unstable.
6 The trans and cis isomers of azobenzene 
have a different spatial arrangement of the aromatic moieties, and consequently show 
significantly different physical and chemical properties.
5 A pioneer in this field was 
Shinkai, who investigated photoresponsive azobenzene-bridged crown ethers as ion 
transporters.
7 
 
Scheme 1. Reversible photoisomerization of substituted azobenzene. 
In addition, Shinkai and co-workers have described an approach to realize reversible gel 
formation by using a 4-methoxyazobenzene connected through an ester linkage to 
cholesterol  1.
8 The trans-isomer  1 formed a stable gel with n-butanol (Tg = 15 
oC). 
Irradiation with UV light afforded a photostationary state with 38% of the cis-isomer 1 
resulting in a significant decrease in Tg (2 
oC). At higher temperature, a clear solution was 
observed. The cis–isomer could be isomerized rapidly to the trans isomer by irradiation 
with visible light. The sol-gel phase transition could be controlled by light, while read-out 
of the states could be performed by measuring the CD spectrum because gels of the trans-
isomer show a strong positive CD effect, whereas gels of the photostationary states (PSS) 
mixture were CD silent (Scheme 2).  
 
Scheme 2. Photocontrolled self-assembly leading to gel formation of azobenzene-
substituted cholesterol 1.
8  
Furthermore, the trans-cis photoisomerization of functionalized azobenzenes induces a 
change of the dipole moment in these molecules, which in turn determines the hydrophobic 
and hydrophilic nature of the trans and cis isomers. Azobenzene derivatives have been used 
successfully to control solution properties in bulk solvent and surface properties including 
surface free energy,
9 wettability,
10 and liquid crystal alignment.
11 Ichimura and co-workers 
demonstrated photoreversible surface energy gradients by employing a surface grafted 
calix[4]resorcinarene bearing functionalized azobenzene 2.
9 UV irradiation of the 
monolayer results in interconversion of the trans-azobenzene to the cis-azobenzene with a 
higher dipole moment, resulting in a high surface energy and a spreading of an olive oil 
droplet on top of the layer. In order to compensate for this, the olive oil droplet on a cis-rich 
surface will move in a direction of higher surface Gibbs free energy by asymmetrical  
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irradiation with 436 nm light perpendicular to the surface. The direction of movement of 
the droplet can be controlled by varying the direction of photo-irradiation (Figure 2). 
 
 
Figure 2. Calix[4]resorcinarene substituted photochromic azobenzene 2, and schematic 
representation of light-driven motion of an olive oil droplet on a surface modified with 2, 
UV irradiation leads to high surface free energy resulting in the olive oil droplet spreading 
out (a and b). Asymmetric irradiation with visible light controls the motion of the olive oil 
droplet to a direction of higher surface Gibbs free energy (b to c).
9  
1.2.2   Overcrowded alkenes 
Overcrowded alkenes
12 can undergo a stilbene-like cis-trans  photoisomerization. The 
unique property of these systems is that not only is there cis-trans isomerization, but that 
this is followed by a helix inversion, i.e. between P- and M-helicity (Scheme 3). This 
isomerization behavior makes them excellent candidates for chiroptical molecular switches. 
Their helical shape and the possibility of dynamic interconversion between stereoisomers 
allow light-driven reversible modification to be induced in supramolecular systems. These 
switches were successfully applied as chiral dopants in liquid crystals (LC) to induce a 
cholesteric phase, the pitch of which could be controlled by light.
13  
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Scheme 3. Overcrowded alkenes show photoswitching from P- to M-helicity. 
The photochromism of overcrowded alkenes is not limited to changes in molecular 
structure, as also changes in molecular shape can result in changes in electronic structure. 
Figure 3 shows that the steric crowding between the bis-thioxanthylidene 3 forces a 
molecule to adopt the anti-folded conformation as the most stable shape at room 
temperature. This form shows blue fluorescence. Photoisomerization results in the 
formation of the syn-folded isomer, which is non-luminescent. Alternatively, oxidation of 
the anti-folded state leads to a dicationic species where the upper half and lower half are 
oriented orthogonally to each other; an isomer which is red fluorescent. Reduction of the 
dicationic species converts the molecule back to the initial state via the syn-folded isomer.
14 
The basic structures of overcrowded alkene structure have been developed further to 
generate the first light-driven unidirectional molecular motor, which was developed in the 
Feringa group.
15  
 
Figure 3. Changes in conformation in overcrowded alkene 3 between anti-folded, syn-
folded, and the orthogonal dicationic states.
14  
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1.2.3   Phenoxynaphthacenequinones 
 
Scheme 4. Photochromic reaction of phenoxynaphthacenequinones (PNQ) 
Phenoxynaphthacenequinones (PNQ) undergo a reversible photoisomerization between 
trans- and ana-forms upon UV and visible irradiation (Scheme 4).
16 Furthermore, PNQ also 
undergoes a redox driven change between the trans- and ana-isomer. Willner and 
coworkers have demonstrated the application of PNQ-4 as a Read/Write/Erase memory 
device.
17 Figure 4 shows the assembly of a PNQ monolayer on a gold electrode. In the 
trans-PNQ-4 state, a quasi-reversible redox wave of the quinone units is observed, (curve 
a). Upon UV irradiation of the monolayer to the ana state results in a redox-inactive 
interface (curve b). Visible irradiation of the ana-state to the trans-PNQ-4 restore the 
redox-activity of the interface. The change between trans- and ana-isomer can be read-out 
non-destructively by cyclic voltammetry. 
 
Figure 4. a) Assembly of a photoisomerizable PNQ-4 monolayer on a gold surface, and b) 
cyclic voltammetry of (a) trans-PNQ-4; (b) ana-PNQ-4. Inset: Peak current values obtained 
upon repetitive photoswitching of the monolayer between the trans- and ana-states.
17   
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1.2.4   Spiropyrans 
 
Scheme 5.  The reversible photoisomerization of spiropyrans. 
The photochemical behavior of spiropyrans
18 arises from a photochemical 6π electron ring-
closing reaction. It can undergo a reversible photoinduced transformation from a colorless, 
nonplanar “closed” spiropyran form to a colored, planar “open” merocyanine form using 
UV irradiation. This isomerization can be reversed either thermally or by irradiation with 
visible light (Scheme 5).
19 Due to the large change in dipole and in the polarity between the 
closed and open forms, these compounds are well suited for light-controlled changes of 
surface energy. However, spiropyrans have several drawbacks such as the low thermal 
stability of the merocyanine form,
20 photochemical side reactions
21 (degradation) and the 
occurrence of thermochromic behavior, which might interfere with the photochromic 
process.
22 A novel application of spiropyrans was published by Kocer, Feringa and co-
workers.
23 A photoswitchable spiropyran unit was introduced to each of five cysteine 
residues of the mechanosensitive channel of large conductance (MscL) protein to achieve 
reversibility in channel opening (Figure 5). These systems hold promise for applications 
such as controlled drug release. 
 
Figure 5. Reversible photochemical opening and closing of the mechanosensitive channel 
of large conductance (MscL) using a spiropyran modified channel protein.
23  
1.2.5   Fulgides 
Another interesting class of molecular switches comprises the fulgides. Fulgides have been 
studied since the beginning of the 20
th century.
24 Upon irradiation, the colorless E-isomer 
converts via a pericyclic reaction to the colored isomer C. This process is reversible since 
irradiation of the C-isomer with visible light regenerates the E-isomer. During UV  
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irradiation, the E-isomer also converts into the Z-isomer as the result of a simple E-Z 
double bond isomerization. The efficiency of this photochromic compound is limited due to 
the  cis-trans isomerization that is competing with the ring-closing reaction upon UV 
irradiation.  
 
Scheme 6. Three states of fulgides that can be addressed by light. 
Yokoyama and co-workers
25 showed that the incorporation of a chiral binaphthol moiety in 
the fulgide 5 resulted in a bistable system with a major difference in helical twisting power 
between the open and closed forms of the switch. The open form of a chiral fulgide 5 has a 
pitch length of −28.0 μm
−1 in K15, whereas ring closure leads to an impressive pitch length 
of −175.3 μm
−1. This allows photoswitching between cholesteric phases with a long and a 
short pitch, respectively, using low concentrations of dopant (Figure 6). 
 
Figure 6. Fulgide dopants for liquid crystals allowing switching between cholesteric phases 
with a long and a short pitch, respectively. 
1.2.6   Diarylethenes 
Among the various types of photochromic molecular switches, dithienylethenes, or more 
generally diarylethenes, have received considerable attention as candidates for new 
materials in optoelectronic devices owing to their excellent photochromic properties, i.e. 
high fatigue resistance, short response time, high quantum yield, and thermal stability in 
both isomeric forms.
26 Diarylethenes undergo a reversible photocyclization reaction 
(through 6π electrons) between a colorless open form and colored closed form by alternate 
irradiation with UV and visible light, respectively (Scheme 7). In this chapter an overview 
of recent developments in dithienylethene chemistry is presented. Emphasis is placed on 
their multi-functional properties and in particular the control of functions and properties 
including self-assembly, photo-controlled molecular conductivity, fluorescence, used as  
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switchable fluorescence probes for biomolecules, surface morphology, multi-addressable 
photochromic switching, and photocontrolled metal deposition. In the final part of this 
chapter, a short overview of the electrochemically controlled electrocyclization and 
electrocycloreversion of dithienylethenes will be provided.  
 
Scheme 7. The photochromic reaction of diarylethene switches 
1.3   Application of photochromic dithienylethene switches 
1.3.1   Self-assembly 
Dynamic self-assembly processes are essential for organization and a myriad of phenomena 
in nature,
27 and mimicking such processes in artificial systems offers fascinating 
opportunities for the construction of smart materials.
28 Dynamic supramolecular self-
assembly can be controlled by in situ morphological transformation of the building blocks. 
This strategy requires external input leading to a (large) mechanical motion of the building 
blocks. The modification of photochromic molecules with noncovalent interaction sites or 
the incorporation of photochromic molecules into self-assembling modules makes light an 
ideal external input to establish this dynamic function. In particular, dithienylethenes have 
been employed in photoresponsive organogels. Feringa and co-workers
29,30 reported that the 
dithienylethene substituted with chiral (R)-N-phenylethylamide 6 forms gels through self-
assembly due to the formation of multiple intermolecular hydrogen bonds between the 
amide functionalities (Figure 7). The supramolecular chirality of the gel governs the 
dynamic molecular chirality through the hydrogen bonding networks formed, and upon 
photochemical ring closure of 6 allows for locking of the molecular chirality of the gel 
molecules stereoselectively. Furthermore, it was shown that switching between gel and 
solution transition was achieved by photochemical ring opening of the gelator molecules.
29 
In sharp contrast, the dithienylethene-based bis-urea gelators 7 show a reversibly 
switchable gel to solution phase transition upon ring closure. It might be related to the 
weakness of the molecular interaction of the gel fibre, and the photo-induced formation of 
7c slightly destabilizing the intermolecular interactions.
30  
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Figure 7. Self-assembling dithienylethene photochromic molecules 6 and 7.  
 
Irie and co-workers
31 demonstrated the self-aggregation of amphiphilic dithienylethene 8 
and  9, in which hexa(ethylene glycol) amphiphilic side chains were substituted to the 
hydrophobic dithienylethene core Figure 8). Compounds 8 and 9 show photocontrolled 
clouding (turbidity) behavior; when the aqueous solution of the open form was irradiated 
with UV light, photo-triggered appearance of turbidity was observed. Upon reaching the 
PSS, the solution turned turbid, and the solution became clear upon irradiation with visible 
light. The clouding behavior is explained by the change in the hydrophobic interactions in 
compound 8 and hydrogen bonds between the hydrophilic moieties and aqueous solution in 
compound 9. In both compounds 8 and 9, the cloud point temperature of the closed-ring 
isomer is lower than that of the open isomer. Hence the clouding point temperature between 
open and closed isomers, can be controlled by UV-Vis irradiation. The aggregation is due 
to the more planar structure of the closed form resulting in π-π stacking of the hydrophobic 
dithienylethene core being more effective and the polyethylene glycol chain being denser 
packed in the aggregates of the closed-ring isomer. 
 
Figure 8. Photochromism of dithienylethene derivatives with hexaethylene glycol side 
chains 8 and 9. 
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1.3.2   Photocontrolled molecular conductivity 
In the past decades, the use of organic molecules as active elements in electronic devices 
has attracted considerable attention i.e. for incorporation as molecular switches into 
integrated circuits.
32 The requirement to respond to external stimuli places molecular 
switches amongst the most challenging of systems. Photochromic molecular switches meet 
this requirement because of their reversible photo-induced transformations that regulate 
electrical conductivity from a conjugated, “on” state to a non-conjugated, “off” state, upon 
UV/Vis irradiation. Previously, only one-way conductance switching from closed to open 
states of dithienylethene 10 connected to a gold electrode has been observed.
33 It has been 
hypothesized that when dithienylethene 10 is wired to gold electrodes the open form does 
not switch to the closed form because of the overlap of the excited state of the open form of 
the molecule with the plasmon bands of the gold electrodes. Nuckolls and co-workers
34 
reported the opposite phenomenon using dithienylethene 11. In SWNT-molecule junctions, 
they were unable to photochemically switch devices bridged with 11 from the closed to 
open state. The authors hypothesized that in the present case the nanotube electrode 
increases the π-conjugation of the termini of the closed-dithienylethene switches attached to 
it resulting in a decrease of the quantum yield for the ring opening process. However, 
pyrrole-based diarylethene 12 can photochemically undergo ring closure, and thermally 
reverts to its open state. Compound 12 shows an “on” state upon UV irradiation and the 
current of this semiconductor increases by more than 5 orders of magnitude. Irradiation 
with visible light did not restore the initial, low-conductance state; but the “off” state 
reappeared when the device was kept at room temperature overnight (Figure 9).  
 
Figure 9. Left) A photoswitchable dithienylethene 10 bridged between gold electrodes,
33 
Right) Photoswitchable dithienylethenes 11 and 12 bridging individual SWNT. I/V curve of 
an individual semiconducting SWNT device connected with 12 before (a) and after UV 
irradiation (b).
34   
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Other approaches to develop reversible switching in molecular electronic devices has been 
investigated more recently.
35,36 The dithienylethene switch 13 was designed with a thiolate 
group at the meta position of the phenyl ring to avoid direct conjugation of the 
dithienylethene switch with the gold contact.
37 It was demonstrated that the dithienylethene 
switch  13 can perform bidirectional switching of electrical conductivity upon UV/Vis 
irradiation on a gold-molecule-gold devices (Figure 10). In these devices, a two-
dimensional nanoparticle array was utilized, in which compounds 13 act as molecular 
bridges between neighboring nanoparticles. Two gold electrodes are evaporated on each 
array for conductance measurements (Figure 10c). Next, the dithiolated dithienylethene 13c 
was employed to bridge between gold nanoparticles. In Figure 10d, it is shown that the 
conductance of a dithienylethene 13 bridged network can be optically switched over several 
cycles at room temperature. The decrease in the signal amplitude with each cycle is due to 
the photodecomposition of the dithienylethene. 
 
Figure 10. a) Photoswitchable dithienylethene 13, b) A two-dimensional nanoparticle 
network: left, octanethiol-protected gold nanoparticles; right, after the molecular bridging 
step the nanoparticles are connected by the closed form of dithienylethene 13, c) Device 
used to measure light-induced conductance switching and d) Repeated conductance 
switching upon UV/Vis irradiation.
35  
Realization of a solid-state photoswitchable electronic device has been achieved using a 
newly developed processing technique, which was applied for producing stable and reliable 
molecular junctions.
36  The large-area molecular junctions are processed in vertical  
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interconnects in an insulating photoresist matrix. The dithienylethene 13 is self-assembled 
on the individual interconnects and topped with a highly conductive organic top electrode 
as shown in Figure 11. The SAMs of diarylethene are coated with a highly conductive 
polymer organic top electrode to prevent the formation of short-circuits between the top and 
the bottom electrodes. Bidirectional switching over multiple in situ UV/Vis irradiation 
cycles were performed as shown in Figure 11b and c. The modulation of conductance is a 
manifestation of the molecular monolayer of the photochromic dithienylethene switching 
inside the junctions.  
 
Figure 11. A) Cross section of the device layout of a large-area molecular junction in 
which the dithienylethene 13 is sandwiched between Au and PEDOT:PSS, B) Comparison 
of the conductance data from the dithienylethene 13 with in situ measurement on junctions 
with non-switchable 1,12-dodecanedithiol and with PEDOT:PSS only, and C) Repetitive 
change in conductance switching of these devices upon UV-Vis irradiation.
36  
1.3.3   Photoswitchable fluorescence 
For the application of dithienylethene switches to optical memory media, one essential 
function that is required is a non-destructive readout capability. Among the various non-
destructive readout methods, bistable photoswitching of fluorescence emission is 
considered to be a promising one, since the fluorescent readout method is highly sensitive 
and one is able to achieve detection with minimal damage to data. The group of Lehn first 
reported photoswitchable fluorescence emission.
38 Later Irie and co-workers
39 developed a 
fluorescent switch 14 by using a dithienylethene and an anthracene-based fluorophore 
which are connected by non-conjugated adamantyl spacer, and evaluated the photochromic  
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switching at the single-molecular level (Figure 12). In the open state, anthracene is strongly 
fluorescent at λmax = 503 nm (Φfl = 0.73). Upon irradiation with UV light, the open isomer 
is converted to the closed isomer and a new absorption band at λmax = 618 nm is observed. 
This absorption is lower in energy than that of the anthracene fluorophore. The closed form 
of the dithienylethene is able to quench the excited state of the anthracene fluorophore 
through intramolecular energy transfer, changing the fluorescence quantum yield of the 
anthracence fluorophore from 0.73 to 0.001. Digital on/off switching between two discrete 
states was also observed on polymer films at the single-molecule level. The fluorescent 
dithienylethene derivatives can be potentially utilized for ultrahigh-density erasable optical 
data storage, where each molecule can be addressed individually.  
 
Figure 12. a) Photochromic dithienylethene 14; a single molecule level fluorescent switch 
prepared by Irie and co-workers. b) Fluorescence switching of a single molecule; (i) before 
irradiation with visible light; (ii) after irradiation with visible light; (iii), after irradiation 
with UV light; (iv) after irradiation with visible light, detected by fluorescence confocal 
microscopy; peak height corresponds to emission intensity.
39  
 
Another approach to develop fluorescent photochromic switches is to control the 
photochromic reaction and the excitation of the fluorophore separately (i.e. at different 
wavelengths). A large separation between the absorption bands of the closed-isomer, the 
open-isomer and the fluorophore, for instance allow for modulation of emission at longer 
wavelengths or in the near IR region. Hell and co-workers
40 showed the reversible red 
fluorescent switching of dithienylethene 15 when it was tethered to a rhodamine 101 
fluorophore as shown in Figure 13. The rhodamine dye was used in this system as it is 
known to be a versatile fluorescent label, having a large absorption cross-section and 
fluorescent quantum yield (Φfl = 0.72) and the chromophore shows high photostability. It  
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was observed that the fluorescence of the rhodamine 101 moiety was switched on and off 
with alternating UV and visible light irradiation as shown in Figure 13b. In the open state, 
15o is strongly fluorescent between 600 and 700 nm when excited between 550 and 600 
nm. Irradiation at 313 nm induced photocylization, and the non-fluorescent closed form 
was produced with higher fluorescence modulation (FM
41  >0.94) than that of fluorescent 
switches reported so far.
42 
 
Figure 13. a) Photochromic dithenylethene 15 substituted rhodamine 101, b) Absorption 
spectra (left axis) of 15 (solid line 15o, dotted line 15c) and fluorescence emission (right 
axis) of 15 in the open state (solid line) and in the PSS under irradiation at 375 nm (dashed 
line).
40  
Fluorescent photochromic compounds have been applied to the control of fluorescent labels 
in biomolecules and in the imaging of living cells based on small molecules.
43 Though 
several photoactive fluorescent proteins have been developed to enable precise photo-
labeling and tracking of a target protein, the large size of fluorescent proteins (i.e. 27 KDa 
for green fluorescence protein GFP) can perturb the inherent function and distribution of 
the target protein.
44 Recently, Irie and co-workers
45 reported the synthesis of 
dithienylethene 16, composed of a dithienylethene unit, a fluorescent fluorescein unit, and 
an amine-reactive succinimidyl ester unit. Compound 16 was combined successfully to the 
ERK (extracellular signal regulated kinase) protein through an amide bond via the activated 
succinimidyl ester unit. The absorption and fluorescence spectral changes of 16 labeled 
with ERK protein upon irradiation with UV/Vis at 365 and 550 nm, respectively are shown 
in Figure 14. Upon irradiation with UV light, a new absorption band appeared at 580 nm. 
This band is attributed to the closed form of 16. In the open form of 16, a characteristic 
fluorescence of the fluorescein unit is observed at 520 nm. Upon UV irradiation, 62% of 
the open isomer of 16 labeled with ERK protein converted to the closed isomer which is  
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non-fluorescent. Therefore, the fluorescence switching of the 16 labeled protein was 
achieved via externally regulation, e.g. UV/Vis light.  
 
Figure 14. Photochromic dithienylethene 16; a) Absorption and b) Fluorescence spectral 
changes of 16 labeled ERK proteins in PBS buffer-EtOH (7:3) upon irradiation with UV 
(365 nm) and visible (>550 nm) light.
45  
 
The development of a small photocontrollable fluorescent labeling molecule could prove to 
be a powerful tool in elucidating protein dynamics in living cells. To this end, Huang and 
coworkers
46 designed diarylethene 17 as a photoswitchable fluorescent probe for imaging 
living cells. Compound 17 consists of hydrophilic and hydrophobic side chains at two ends 
of a rigid dithienylethene core. It forms stable vesicles in water and exhibits a greenish 
fluorescence at 510 nm. Photochemical switching of 17 with UV and visible light resulted 
in reversible fluorescence switching in water. By embedding the water-soluble fluorescence 
switch of 17 into KB cells (human nasopharyngeal epidermal carcinoma cell), they 
observed a marked fluorescence increase in the cytoplasm of the cells (Figure 15a). These 
fluorescent vesicles can enter the living cell thereby inducing low cytotoxicity. The 
fluorescence switching of KB cells labeled with compound 17 was achieved many times 
while alternating between UV and visible light illumination (Figure 15a-c).   
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Figure 15. Amphiphilic dithienylethene 17; Confocal laser scanning microscopy (CLSM) 
images of KB living cells incubated with 17o for 20 min at 25 
oC, a) in original state, b) 
irradiated with UV (405 nm) light, and c) visible (633 nm) light.
46  
1.3.4   Photocontrolled surface morphology and shape changes of molecular 
crystals 
 
In biological systems, the bending motion of myosin upon release of adenosine diphosphate 
at the molecular level is used to drive muscles and perform large macro-scale mechanical 
work.
47 It is of particular interest from both a scientific and a technological point of view to 
develop synthetic molecules in order to achieve controlled mechanical motion at the 
molecular level by external stimuli and link the motion to large macro-scale mechanical 
movement of bulk materials. Reversible changes in shape and/or size of materials in 
response to external stimuli has attracted interest for the development of actuators.
48 A 
particularly intriguing possibility is offered by light-responsive materials, which allow 
remote operation without need for direct contact to the actuator. Irie and co-workers
49  were 
the first group to report the reversible change in surface morphology of a photochromic 
dithienylethene 18 in a single crystal upon alternate irradiation with UV (365 nm) and 
visible (>500 nm) light as shown in Figure 16. Atomic force microscopy (AFM) images 
revealed the reversible shrinkage and expansion of the crystal surface when irradiated with 
365 nm light; new steps appeared on the (100) single crystalline surface (Figure 16B) that 
disappeared upon irradiation with visible light (Figure 16C). The step height, about 1 nm, 
corresponds to one monolayer. When the (010) surface was irradiated with 365 nm light, 
valleys were formed (Figure 16E), and they disappeared upon visible irradiation (Figure 
16F). This phenomenon can be explained by the molecular structure changes of 
dithienylethenes regularly packed in the single crystal. The small changes in molecular 
structure in dithienylethene 18 are manifested significantly in shape changes in the bulk 
crystal.  
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Figure 16. Photochromic dithienylethene 18; AFM images of the (100) crystal surface (A-
C) and the (010) crystal surface (D-F) of dithienylethene 18: before photoirradiation (A and 
D), after irradiation with 365 nm light for 10 s (B) and 15 s (E), and after irradiation with 
visible light (λ>500 nm) (C and F).
49  
 
Subsequently in 2007, Irie et al.
50 reported that the photocontrolled shape changes of 
dithienylethene  19  can move microsopic objects, making them promising materials for 
possible light-driven actuator applications (Figure 17a). They observed that a rectangular 
single crystal of 19 contracts by about 5-7 %. The deformed crystals are thermally stable, 
and switch back to the original state on irradiation with visible light. They also prepared a 
rod-like crystal of 19 by sublimation onto a glass plate. X-ray analysis revealed that the 
thin, rectangular plate-like crystal and the rod-like crystal have the same crystal structure. 
Figure 17a shows the rod-like crystal 19 to bend upon irradiation with UV light, with the 
bending being towards the incident light. This effect is attributed to a gradient in the extent 
of photoisomerization, so that shrinkage of the irradiated part bends the crystal. The bent 
rod-like crystal straightened upon irradiation with visible light. The reversible bending 
upon alternate irradiation with UV and visible light could be repeated over more than 80 
cycles without breaking of the rod crystal. The power produced during bending is 
illustrated in Figure 17b, which shows how the photo-induced bending of the rod-like 
crystal can propel a silica-particle (diameter: 80 micrometers).   
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Figure 17. Photochromic dithienylethene 19; a) Reversible bending of a crystalline rod of 
19 on alternate irradiation with UV (365 nm) light for 0.1 s and visible (> 500 nm) light for 
6 min. b) An image shot of a silica micro-particle by crystal rod 19 upon irradiation with 
365 nm light pulse.
50,51 
 
Recently, Feringa, Uchida and co-workers
52 also demonstrated that the photoresponse of 
thin crystals of 20oRR and 21oRR show reversible light-induced bending of crystals in 
both a convex and a concave manner. The thin rod-like crystal of 20oRR bents in a concave 
manner to the incident light upon irradiation with UV light (Figure 18a). More remarkably, 
the plate-like crystal rolled up into a curled film crystal as shown in Figure 18b. The 
concave bending of the rod-like crystal 20oRR is fully reversible upon photochemical ring-
opening of 20cRR to 20oRR. The bending mechanism that takes place in these systems is 
similar to that reported by Irie and co-workers.
50 The shrinkage occurs on the surface of the 
crystal in response to the formation of the closed-ring isomer at the crystal surface. In 
addition, thin crystals of 21oRR also rolled up under UV light. The degree of bending was 
dependent on the thickness of the crystal. Particularly, both plate-like and rod-like crystals 
of naphthyl derivatives 21oRR formed by sublimation, bent in a convex way to the incident 
UV light as shown in Figure 18c. The opposite behavior compared to the behavior of rod-
like crystal of 20oRR could be due to different crystal packing. The original shape of the 
rod-like crystal 21oRR is fully recovered upon irradiation with visible light.   
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Figure 18. Dithienylethene derivatives 20oRR and 21oRR; a) Bending of the rod-like 
crystal 20oRR occurs in a concave manner upon UV light irradiation, and straightening by 
irradiation with visible light, b) Rolling of the plate-like crystal 20oRR occurs in a concave 
manner to the incident UV light irradiation, and c) Bending of the needle shaped crystal 
21oRR convex to the incident UV light, and straightening back upon irradiation with 
visible light.
52  
1.3.5   Multi-addressable photochromic dithienylethene switches 
Multi-component systems based on the combination of several constituents displaying 
different photochromic properties are of interest for optical computing such as logic gates, 
field-effect transistor and high density data storage systems. A large number of multi-
addressable photochromic switches have been reported.
53 Irie and co-workers
54 reported the 
progress on multi-addressable, multi-color photoresponsive dithienylethene, which is 
focused on approaches to incorporating two or three dithienylethene units into a single 
molecule as shown in Scheme 8 and Scheme 9. Although multi-color systems can be 
obtained by mixing differently colored photochromic compounds in solution,
55 in polymer 
matrices,
56 and in single crystals,
57 some advantages of a one-molecule system over mixed 
systems include the high resolution available arising from local homogeneity, long-term 
storage stability, and application to multi-frequency single-molecular memories.
58  
 Irie  et. al.
54a reported the fused dithienylethene 22 which consisted of two types of 
dithienylethene moieties, bis(2-thienyl) and bis(2-thienyl)-ethene, with one shared 
thiophene. The closed form of bis(2-thienyl)ethenes 22B absorb with a maximum at a 
wavelength shorter than those of bis(3-thienyl)ethenes 22C upon irradiation with UV light. 
A solution of 22 turned yellow upon irradiation with 365 nm light. When the solution was 
further exposed simultaneously to 313 nm and 436 nm light, it turned blue. The solution of 
22C turned back to yellow (22B) when it was irradiated with 313 and 500 nm light. The  
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different colors of 22A can be obtained by irradiation with light of the appropriate 
wavelengths. The color change of 22A originates from two kinds of colored species. 
 
Scheme 8. The multi-color photochromism of the fused dithienylethene 22
54a 
 
A fused dithienylethene full-color photochromic trimer
54b was reported also (Scheme 9). 
Fused trimer 23 has three dithienylethene moieties with the following connectivity: bis(2-
thienyl)ethane, (2-thienyl)(3-thienyl)ethane, and bis(3-thienyl)ethane, with two thiophene 
rings in common. HPLC analysis of the photoirradiated solution indicated the formation of 
four colored species. The molecular structure of the four colored species were the closed 
isomer of the central bis(3-thienyl)ethane moiety (23b), the terminal (2-thienyl)(3-
thienyl)ethane moiety (23c), and the terminal bis(2-thienyl)ethane moiety (23d) for blue, 
red, and yellow, respectively. In addition, an orange compound 23e was obtained and 
identified as the double closed-ring isomer. The dithienylethene fused trimer 23 showed a 
full-color photochromic performance by choosing appropriate wavelengths of light for 
irradiation.  
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Scheme 9. Photochromic reaction of a four color dithienylethene trimer 23. the thick lines 
denote the extent of π-conjugation.
54b 
Chen and co-workers
59 demonstrated a multi-addressable switching system based on the 
photoisomerization of a diarylethene substituted with 8-hydroxy-2-methylquinoline 24, a 
protonated diarylethene 25, and the complex diarylethene 26 as shown in Scheme 10. Blue 
colored species of the closed ring isomer 24c appeared upon irradiation with UV light. 
Addition of trifluoroacetic acid (CF3COOH) to the solution of 24 produced the protonated 
diarylethene 25. Compound 25 also underwent photoisomerization upon irradiation at 440 
nm to yield the green colored, closed-ring isomer 25c. The green solution was bleached 
completely back to a yellow solution with visible light (>480 nm). A complex of 
diarylethene 26 was formed upon addition of BF3
.Et2O to a solution of 24. Compound 26 
underwent excellent photoisomerization at 440 nm with a new absorption band appearing at 
740 nm, which corresponds to ring-closed isomer 26c. 26c was obtained from 24c also by 
addition of BF3
.Et2O and the solution changed color from blue to green; a bathochromic 
shift from 610 nm (24c) to 740 nm (26c) was observed. The authors demonstrated that by 
the construction of a suitable functional diarylethene 24, multi-addressable photochromic 
switching can be achieved by using a combination of TFA, BF3
.Et2O and light to address 
the respective states.   
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Scheme 10. Photochromism of dithienylethene 24, protonated dithienylethene 25, and the 
complex dithienylethene 26 by the addition of CF3COOH, and BF3
.Et2O, respectively.
59  
1.3.6   Photocontrolled metal deposition 
To date, research on metal or semiconductor surface/interfaces in relation to catalysis and 
crystal growth has been well-documented, reflecting industrial demands.
60 Because of the 
increasing number of applications of organic materials, in organic molecular electronics 
important research has focused on problems associated with carrier injection from 
electrodes.
61 To prepare thin metal films on organic layers, the vacuum vapor deposition 
method, by which metals can be generally deposited on any organic or inorganic solid 
surface at room temperature, is widely used. However, Nakamura and co-workers
62 
discovered a new phenomenon that the ability of some organic materials (dithienylethene) 
to accept metal atoms is dependent upon the state of the materials. They reported the 
selective metal deposition on a photoswitchable dithienylethene surface as shown in Figure 
19. Magnesium vapor was deposited by vacuum vapor deposition only on the colored 
dithienylethene  27c, i.e. a film at a photostationary state containing 90% of 27c. The 
amorphous 27o film was prepared on a glass substrate by the vacuum evaporation method 
[Figure 19b(i)]. Then the film was partially exposed to UV light using a photomask, 
forming blue-colored domains [Figure 19b(ii)]. This patterning process was followed by 
Mg deposition. Mg (black stripes) was deposited only on the colored domains which are 
crystalline at room temperature as shown in Figure 19b(iii). Selective metal deposition was 
correlated with changes in the glass transition temperature (Tg). After Mg deposition at 
room temperature, only the crystalline area (27c) observed the deposition of Mg. This is 
due to the fact that the molecular motion on the crystalline surface is less than that on the 
amorphous film surface (27o). As a result, the magnitude of Mg migration is low, and the 
nucleation rate is faster on the crystalline surface than on the amorphous one. Their study 
illustrates some new features of photoswitchable molecular surfaces, and their potential 
suggest bright prospects for their future application in organic electronic molecules.   
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Figure 19. a) Photochromic reaction of dithienylethene 27, b) selective metal deposition on 
a partially colored dithienylethene film i) 27o film, ii) upon UV irradiation using a photo 
mask, parts of the film turned blue (27c), iii) after Mg deposition without masks, Mg 
(black) was deposited only on the colored surface.
62  
1.3.7   Photocontrolled Lewis Acidity 
Tricoordinate organoboron compounds are versatile Lewis acids used as catalyst or 
reagents for organic synthesis,
63 and commercially available as co-catalysts in metallocene-
mediated olefin polymerization.
64 The Lewis acidity of boron also imparts novel properties 
to π-electronic materials applications.
65 Figure 20 shows three characteristic features of 
boron. Firstly, boron has a vacant p-orbital. By connecting boron with π-conjugated 
systems, pπ-π* conjugation takes place effectively, leading to the observation of unusual 
electronic and photophysical properties. Secondly, boron is a Lewis acid. Boron 
compounds readily form complexes with Lewis bases or nucleophilic species. This 
complexation may be important for tuning the electronic structure or for constraining three-
dimensional molecular structure. Thirdly, boron shows interesting structural features. 
Boron takes a trigonal planar geometry, which is a potentially useful building block for 
constructing complex molecules.
66  
 
Figure 20. Three fundamental features of boron a) p-π* conjugation, b) Lewis acidity, and 
c) trigonal planar geometry.
65   
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Branda and co-workers
67 reported the integration of external stimulus to regulate the Lewis 
acidity of boron-containing compounds, which offers a means to control chemical reactivity 
and catalysis. The dioxaborole in the ring-open isomer 28o (Figure 21) is a planar, 
conjugated system of overlapping p orbitals containing 4n+2 π electrons. It is expected to 
have significant aromatic character and a low Lewis acidity due to the p orbital of the boron 
atom being partially occupied by the delocalized π electrons. Irradiation with UV light 
generates the closed isomer 28c (Figure 21a). Now the borate group is conjugated with the 
linearly conjugated π backbone of the rest of the molecule. The rearrangement of π 
electrons reduces the electron density at the boron center and turns the Lewis acidity “on”. 
The system can be turned “off” again using visible light to reverse the photocyclization 
reaction to regenerate 28o. By comparing the absorption observed in the 
1H NMR spectra 
corresponding to the phenyl-ring protons directly adjacent to the boron atom (Ha in Figure 
21b) in both ring open isomer 28o and ring closed isomer 28c, an upfield shift (ca. 0.1 ppm) 
observed for these absorptions 28c is observed. It is in agreement with the loss in aromatic 
character of the dioxaborole units (Figure 21b (i) and (ii)). The relative Lewis acidity of 
28o and 28c can be evaluated by measuring their respective binding affinities to a Lewis 
base such as pyridine. Figure 21b(iii) and Figure 21c show the changes in the peak in 
1H 
NMR spectra in particular to the proton Ha of each photoisomer upon treatment with 
pyridine. The absorptions of 28c are significantly affected by the presence of pyridine and 
shift by more than 0.2 ppm upfield from their original position. On the other hand, there are 
minimal spectral changes in the case of 28o even in the presence of 10 equivalents of 
pyridine. Irradiation with visible light induced complete ring opening, the 
1H NMR 
spectrum corresponding to Ha in the complex 28c-pyr change back from 7.91 to 8.22 ppm, 
which corresponds to that in 28o, illustrating the release of pyridine from the complex as 
shown in Figure 21b(iii and iv). The Lewis acidity of a boron atom integrated into a 
photochromic dithiethenylethene can be modulated using light of the appropriate 
wavelength. This ability to regulate the Lewis acidity could enable the control of chemical 
processes requiring a Lewis acid as a reagent, or catalyst.  
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Figure 21. Photochromic dithienylethene 28, a) Changes in the UV/Vis absorption spectra 
of a benzene solution of 28o upon irradiation with 312 nm light. b) 
1H NMR spectral 
showing proton Ha before (i) and after (ii) a d6-benzene solution of 28o is irradiated with 
312 nm light (until a 1:1 mixture of 28o and 28c is obtained), after pyridine (pyr) is added 
(iii) and after irradiation with >434 nm light to regenerate 28o (iv). c) Change in the 
chemical shift of proton Ha in 28o (○) and 28c (◊) when the d6-benzene solutions are treated 
with pyridine. The calculated chemical shifts are also shown (x) for 28c.
67  
1.4   Electrochemical control of photochromic dithienylethene 
switches 
The construction of functional molecular devices requires access to molecular components 
with physical properties that can be reversibly modified by applying one or more external 
stimuli. Molecular isomerization reactions triggered by a physical stimulus such as light,  
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electricity, or through the remote complexation of ions or molecules have all been 
instrumental in the development of molecular systems that display active switching 
functions.
3 The difference in the two isomers of photoresponsive dithienylethenes offers 
several choices to changes in properties, such as the absorption,
68 emission,
69 refraction,
70 
and optical rotation of light,
71 as well as electronic properties such as redox potentials,
72 and 
bulk conductivity.
35-37 Current interest in miniaturizing the components of electronic 
devices down to the molecular level is a major impetus to developing molecular systems 
that display switchable properties. One key aspect in the progress of molecular switching is 
the development of more sophisticated switching components that take advantage of more 
than one stimulus. Typically, only UV and visible light are used to address or trigger the 
photochemical isomerization reaction of dithienylethene switches, however, electrocylic 
reactions can be induced not only upon photoirradiation but also by γ-irradiation
73 or 
electrochemical oxidation or reduction. In the following sections, a short overview of 
electrochemically induced ring-closing and ring-opening of photochromic dithienylethene 
derivatives is provided. 
Both the hexafluoro (F) and the recently developed hexahydro (H) dithienylethenes have 
been employed to investigate the potential for manipulation of electronic, photochemical 
and redox properties of this distinct class of photochromic materials (Scheme 11). The 
bridging cyclopentene groups are themselves redox-inactive, but they represent extremes: 
the hexafluorocyclopentene group is electron-withdrawing and thereby decreases the 
electron density of the central alkene group, while the electron-donating 
hexahydrocyclopentene increases the electron density on the same group. Furthermore, the 
effect of substitution at C5 of the thienyl moiety on the redox properties plays a crucial role 
in the efficiency of electrochemical switching properties of dithienylethene switches as 
well.  
1.4.1      Effect of the hexahydro- and hexafluoro-cyclopentene core on the 
redox properties of dithienylethene switches 
 
The effect of variation in the central cyclopentene moieties on the redox properties of the 
dithienylethenes was investigated by Feringa and co-workers (Scheme 11).
74 In the open 
states, 29Ho and 29Fo show irreversible two-electron oxidation at 1.16 V and 1.59 V, 
respectively, which is the typical of thiophene oxidation chemistry
75 (Figure 22a and c). In 
the return cycle of 29Ho, two new reduction processes are observed at potentials coincident 
with those of the closed forms 29Hc (Figure 22a and b). Repetitive cycling results in a 
significant buildup of the closed form in the diffusion layer of the electrode. By contrast 
repetitive cycling of 29Fo leads to new irreversible reduction process at 0.3V, which itself 
results in a new oxidation process at about 0.9 V (coincident with the oxidation of 29Fc), as 
shown in Figure 22c and d. 
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Scheme 11. Dithienylethene hexahydro- and hexafluoro-cyclopentene derivatives 29H and 
29F. 
 
 
Figure 22. Cyclic voltammetry of a) 29Ho, b) 29Hc, c) 29Fo and d) 29Fc in 0.1M 
TBAPF6/CH3CN.
74a  
 
29Ho→29Ho
2+→29Hc
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The redox chemistry of 29H and 29F can also be monitored using UV-Vis 
spectroelectrochemistry (Figure 23). Oxidation of 29Ho at 1.3 V, results in marked 
decrease in the absorption intensity around 280 nm, accompanied by the appearance of new 
bands at 390 nm and 537 nm, which were assigned to the formation of 29Hc
2+. 
Subsequently reduction at 0 V results in a decrease in the absorption intensity at 554 nm, 
together with almost a complete loss of the absorption bands at 396 and 428 nm. The 
absorption spectrum in the visible region is identical to that of 29Hc, that is, ring-closure 
occurred during the oxidation and subsequent reduction process (Figure 23a). In contrast to 
29H, oxidative electrochemical ring closure was not observed by cyclic voltammetry for 
29Fo. Moreover, oxidation of 29Fc resulted in rapid subsequent chemical reactions, and 
hence an oxidative electrochemical ring opening of 29Fc to 29Fo as shown in Figure 23b. 
The driving force for electrochemical ring opening and closing observed in 29H and 29F 
can be considered in terms of the extent of delocalization of the positive charge in the 
oxidized forms. For 29Fc, oxidation results in ring-opening to 29Fo. The 
hexafluorocyclopentene ring would be expected to be ineffective in facilitating 
delocalization of charge over both the thiophene moieties, so that ring opening with 
localization of the charge on the thiophene results. For 29H the reverse situation is 
apparent. The hexahydrocyclopentene unit is better at facilitating communication between 
the two thiophene units, and hence stabilization of the mono- and dication of the closed 
form would be expected. In these studies, it has been established that the efficiency of 
electrochemically driven processes and the direction of the oxidatively driven switching is 
dependent on the nature of the cyclopentene units. Thus, the driving force for 
electrochemical ring open and ring closing appears to be controllable.  
 
Figure 23. Spectroelectrochemistry of a) oxidation of 29Ho to 29Hc
2+ at 1.3V, subsequent 
reduction to 29Hc at 0 V and b) oxidation of 29Fc at 1.0V to 29Fo in 0.1M 
TBAPF6/CH3CN.
74a 
a) b)
29H
29Hc
2+ 
29H
29F 29F 
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1.4.2      Substituent effects on the electrochemical switching of 
dithienylethene switches 
The substituents at C5 of the thienyl rings of the dithienylethene switch also play an 
important role in the electrochemical switching of the dithienylethene switch. As shown in 
the previous section, hexafluorocyclopentene-based dithienylethene tends to undergo 
electrochemical ring-opening due to the poor delocalization of charge over both thiophene 
rings. Branda et. al.
76 and and Feringa et. al.
74 pointed out that the effect of subsituents at 
C5 positions of the thienyl rings can control the direction of electrochemical switching in 
hexafluorocyclopentene dithienylethene switches. For instance, the ring-opening reaction of 
dithienylethene  30F is photochemically driven while the ring-closing reactions can be 
triggered by electrochemical oxidation as shown in Figure 24. Compound 30Fo shows an 
irreversible oxidation at 1.4 V, while on the return cycle a new reduction at 0.8 V is 
observed. The return wave in the voltammogram of 30Fo appears at the same potential as 
that for the radical cation of its corresponding ring-closed isomer 30Fc (Figure 24b) 
indicating that the ring-closing reaction is also generated by an oxidation process.  
 
 
Figure 24. a) Photochromic dithienylethene 30F b) Cyclic voltammetry of CH3CN solution 
(1x10
-3M) of 30Fo (top) and 30Fc (bottom) at 0.2 V s
-1. The inset shows the multiple 
sweeps of 30Fo (5 cycles).
76  
 
The introduction of electroactive groups, e.g. electron donating methoxyphenyl groups, 
allows for electrochemically-driven oxidative ring-closing in hexafluorocyclopentene 
dithienylethene 31F. When it was oxidized at 1.2 V, a new reversible redox wave at 0.67 V 
appears due to the formation of the ring-closing radical dication 31Fc
2+ as shown in Figure 
25. The electrochemical oxidative ring-closing in both 30Fo and 31Fo was confirmed by 
spectroelectrochemistry. The appearance of an absorption in the visible region as is 
observed for the photochemical ring-closing event was reported.
74a The radical cations 
30Fo→30Fc
2
30Fc→30Fc
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generated by electrochemically oxidizing the ring-closed form of 30Fc and 31Fc appear to 
be relatively stable and do not  undergo oxidative ring opening as is shown by the 
reversible redox wave at 0.85 and 0.67 V, respectively. In this system the methoxyphenyl 
units are oxidized first followed by a double electron transfer to drive ring closure. 
 
Figure 25. a) Photochromic dithienylethene 31F, b) Cyclic voltammetry of 31Fo/31Fc at 
0.5 V s
-1 in TBAPF6/CH3CN.
74 a  
Overall, the results demonstrated that the redox chemistry of dithienylethenes can be tuned 
towards electrochemical ring-closing and ring-opening by stabilization and destabilization 
of the mono- and dication of the closed state, respectively. This is summarized in Scheme 
12. The pericyclic reaction of the oxidized open form is a thermally-driven isomerization; 
the direction of the ring-closing or the ring-opening reaction is controlled by the relative 
thermal stability of the products 
 
Scheme 12. General scheme for the photo- and electrochemical processes observed in 
dithienylethene-based systems. 
31Fo→31Fc
2+ 
31Fo←31Fc
2+ 
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1.5   Thesis outline 
Photochemical and electrochemical switching of dithienylethenes opens the possibility to 
employ dithienylethenes as control elements to modulate properties and functions as 
diverse as conductivity, fluorescence, self-assembly, surface morphology, etc. In this thesis, 
photochromic dithienylethene switches are employed to investigate multi-functional 
systems such as i) multi-switches for multi-addressable systems, ii) information storage 
towards read/write/erase system using electrochemistry in a non-destructive readout 
method, iii) photocontrolled electropolymerizability and iv) photochemical tuning of the 
conjugation of a sexithiophene. The investigations on these aspects are described in the 
following chapters. 
In chapter 2 the synthesis and photochemical characterization of a dithienylethene dimer 
covalently tethered by a short, -SiMe2- linker is described. In this chapter, the primary aim 
is to design a multi-addressable system, which shows three state photochromic switching 
involving open-open, open-closed, and closed-closed states. Importantly, it was found that 
there is no significant intramolecular interaction between the two dithienylethene units 
despite their proximity.  
In chapter 3 the focus is on the syntheses and characterization of two functionalised 
diarylethene switches, one of which is attached to a coumarin fluorophore. The photo- and 
electrochemical properties of self-assembled monolayers of diarylethenes on non-metallic 
surfaces (quartz and ITO surfaces), in order to achieve read/write/erase information storage 
with non-destructive read out, are described. Importantly the state of the modified surface 
can be read ‘non-destructively’ by electrochemical readout. Dithienylethenes with 
coumarin fluorophores were studied in order to achieve electrochemically-controlled 
fluorescence switching on the ITO-surface. 
 In chapter 4 the photochemical switching properties of dithienylethene compounds, which 
can be used to control the electropolymerization properties of bis-terthiophene monomer 
onto the surface with UV and visible light, respectively, is described. In the open state, 
electropolymerization yields alkene-bridged sexithiophene polymers through oxidative 
α,α-coupling, while in the closed state the polymerizability is switched off. The 
photochemical switching functionalities of the dithienylethene are lost when the switching 
unit is incorporated into the extended conjugated system of the immobilized polymer. 
In chapter 5, multiple dithienylethene units are combined with a sexithiophene unit, the 
switching functions are retained on the dithienylethene, which is in contrast to the 
electropolymer (chapter 4). In these cases, the photoswitchable sexithiophene molecular 
wires were prepared by employing electrochemical dimerization of dithienylethene 
monomers. The photochromic dithienylethene units retain their photochemical properties 
when part of an extended π-conjugated sexithiophene system. The influence of the 
sexithiophene unit on the physical properties of dithienylethene units, and vice versa, is 
discussed in detail.   
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Finally, chapter 6 focuses on the syntheses of star-shaped dithienylethene-substituted 
hexaphenylbenzenes through a dicobaltoctacarbonyl-catalyzed cyclotrimerization reaction. 
This reaction represents a direct facile method for the synthesis of hexaphenylbenzene 
centered multi-dithienylethene systems.  
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Chapter 2 template 2B 
Chapter 2 
Synthesis and Photochromic 
Properties of a Dithienylethene-
Cyclopentene Dimer linked by a 
Silyl Bridge 
 
The synthesis and characterization of bi-component molecular switches based on 
covalently tethered dithienylethene photochromic units by a short linker -SiMe2- is 
described. Both dithienylethene units can undergo reversible photochromic 
switching between the closed-closed, closed-open and open-open states. UV-Vis 
spectroscopy, 
1H-NMR spectroscopy, kinetic studies and cyclic voltammetry were 
used to investigate the electronic communication between both dithienylethene 
units. It was found that the through-bond communication between dithienylethene 
units through orbital overlap via an orbital of the silicon atom is at most small. 
However, due to the proximity of the dithienylethene units, the photochromic state 
of one photochromic unit can influence the reactivity of the other, leading to a low 
PSS state of 5Hc at room temperature. It appears that the through space 
interaction between dithienylethene units is the most important interaction in this 
system.  
 
This chapter has been published in part in: 
J. Areephong, W. R. Browne, B. L. Feringa, Org. Biomol. Chem., 2007, 5, 1170-
1174. 
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Chapter 2 
 
2.1   Introduction 
Organic photochromic molecules are promising candidates in optical data storage 
applications because the compounds can be isomerized reversibly between two different 
molecular states using appropriate wavelengths of light. Since each state has its distinct 
properties, photochromic materials have the potential to store information. Recently, an 
alternative approach to produce a high-density information storage system was reported,
1 
based on the development of multi-component molecular systems for multi-mode switching 
by connecting two or more switches covalently. These multi-functional systems can 
increase the possible number of photochromic states available to more than two states 
{from two i.e., open (o) and closed (c) to three i.e., open-open (o-o), closed-open (c-o), and 
closed-closed (c-c)} allowing for higher logic operations that can be used in higher density 
data storage.  
Multi-addressable organic materials are currently an active area of research and it is 
anticipated that such systems will prove useful in optical computing as logic gates, field 
effect transistors and high density data storage systems.
2 The goal is miniaturization of the 
functional elements down to the molecular level, which could result in a markedly 
increased performance as a consequence of the ultra-high density of the functional elements 
achievable compared to that of current devices.
1 One key aspect of recent progress in 
molecular switching technologies is to integrate several switchable functional units into a 
single molecule. As the number of addressable switching units increases within a molecule, 
the amount on information it can contain in sequence increases exponentially.
2 For these 
reasons, it is desirable to investigate multi-addressable photochromic systems and to 
understand what level of interaction can be permitted between units without loss of the 
overall switching function of each sub-unit. 
2.2   Multi-addressable systems using different photochromic 
units. 
Several examples of multi-addressable switching systems have been reported. In 2001, 
Daub et al.
3 investigated two different photochromic units that were connected intimately. 
The dihydroazulene (DHA) and the dithienylethene (DTE) units were incorporated into one 
molecular scaffold. The photochromic processes involved are shown in Figure 1. The DHA 
and DTE units both interconvert between two different states (0 and 1), the DHA-DTE 
hybrid 1 could potentially adopt four different unique states (0-0, 1-0, 0-1, 1-1). However, 
its practical application is limited due to the thermal reversibility of some of the 
photochemical isomerization reactions. 
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Figure 1. A four-step cyclic process with biphotochromic DHA-DTE 1. 
 
In 2003, Branda and co-workers
4 reported a novel structure that represents the first example 
of a thermally stable multi-addressable system where all four states are accessible using 
light as the sole stimulus (Figure 2). Compound 2 comprised of a photochromic 
dithienylethene (DTE) connected covalently to a photochromic 
phenoxynaphthacenequinone (PNQ) derivative. The low-energy absorption bands of both 
trans- and ana-isomer of the PNQ moiety are in the narrow region (400-450 nm) where the 
ring-open and ring-closed isomers of the DTE moiety do not absorb. Both the trans- and 
ana-isomers of the PNQ component are transparent in the visible region where the ring-
closed form of the DTE component absorbs. Ring-opening can be triggered selectively 
without affecting the ratio of trans- and ana-isomer present in the hybrid significantly. 
Although the photochromic PNQ component in 2ot cannot be addressed selectively, a 
significant difference in the rates of the DTE and PNQ photochromic reactions provide a 
means to induce only the ring-closing reaction in the dithienylethene unit. Short irradiation 
periods should only trigger the DTE portion of the hybrid (2ot →2ct). Longer periods are 
required to drive both isomerization reactions (2ot→2ca or 2ct→2ca). 
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Figure 2. Photochemical reactions of the DTE-PNQ hybrid 2 showing all four 
photochromic states; UV-absorption spectra of DTE-PNQ in its four states, a) the DTE-
PNQ-2 in its ring-open trans (2ot) and ring-closed-trans (2ct) forms and b) the DTE-PNQ-
2 in its ring-open-ana (2oa) and ring-closed-ana (2ca) forms.
4 
 
 
The most recent progress on a multi-addressable system is that designed by Frigoli and 
Mehl.
5 This system is based on the combination of a diarylethene and a naphthopyran, 
which are connected through a single bond, abbreviated as OD-CN were OD stands for 
open dithienylethene, and CN is closed naphthopyran as shown in Figure 3. An important 
design element of this system is the different response to light absorption of the 
naphthopyran and the diarylethene groups. Irradiation (>350 nm) transforms the 
naphthopyran group selectively from the closed (colorless) form OD-CN to the open form 
OD-ON. Irradiation of OD-CN at 313 nm triggers both the ring opening reaction of 
naphthopyran and also the ring closing reaction of the diarylethene to form first CD-CN. 
Continued irradiation leads to an enrichment of CD-CN in the mixture, which is 
subsequently converted to CD-ON. The absorption spectrum of CD-ON at λmax 650 nm is 
unexpected and indicates significant electronic communication between the chromophores 
(Figure 3b). The naphthopyran units open to form a number of isomers (TC and TT) upon 
irradiation, most of which revert thermally to the closed forms in the dark, which provides 
for a multi-addressable hybrid photochromic switch.  
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Figure 3. a) Photochemical reactions of hybrid OD-CN showing all four photochromic 
states; b) UV absorption spectra of the four states, before irradiation (OD-CN), with 
irradiation at 366 nm (OD-ON), with irradiation at 313 nm (CD-ON), after irradiation at 
313 nm then left in the dark (CD-CN).
5 
2.3   Multi-addressable systems using a single type of 
photochromic unit 
Several bi- and tri-component organic photochromic systems using the same photochromic 
units linked together in one molecule have been developed. In 1999, Mitchell’s group
6 was 
the first to report a bis-photochromic system, which contained two dihydropyrene units 
(DHP-DHP). In general, these photochromic compounds interconvert reversibly between 
the color (DHP) and the colorless cyclophanediene (CPD) isomer upon irradiation with 
visible light or heating and UV light, respectively, as depicted in Figure 4. 
Furthermore, bisnaphthopyrans
7 linked through an electron rich bithiophene 3, have been 
synthesized and their photochromic properties studied by Carreira and co-workers
8 (Figure 
5). Upon irradiation with UV light, the closed-closed isomer ring opens sequentially to 
closed-TC, closed-TT, and open-open isomers, which convert back thermally to the closed-
closed bisnaphthopyrans. However, the practical application of this system is limited due to 
the thermal reversibility to the closed-closed state.  
a)  b) 
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Figure 4. Three states of bis-photochromic DHP-DHP.
6 
 
Figure 5. Sequential temperature-dependent photochromism of bisnaphthopyran 3.
8  
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2.4   Multi-addressable photochromic systems using double-
linked diarylethenes 
As discussed in chapter 1, diarylethene photochromic switches exhibit thermally 
irreversible photoinduced ring-closing and ring-opening reactions and often show excellent 
resistance to photofatigue. Thus diarylethenes are promising candidates as components in a 
multi-addressable system.
1 Several bi- and tri-photochromic diarylethene compounds had 
been synthesized before with linkages that can be divided into two types; conjugated and 
non-conjugated. 
2.4.1   Bis(diarylethene)s with conjugated linkers 
If the two photochromic units are joined covalently through a conjugated pathway, it may 
be assumed that the photochromic state of one photochromic unit would influence the 
reactivity of the other. Recently, Branda et al.
9 reported the limited photochromic reactivity 
of dithienylethene dimers 4, which are linked by a single bond (Figure 6). 
 
Figure 6. Photochromism of bis(dithienylethene) 4 linked by a single bond. 
In addition, even though the length of the conjugated spacer was increased i.e. acetylene 
(compound 5),
10 diyne (compound 6),
11 1,4-bis(ethenyl)benzene (compound 7)
12 spacers 
(Figure 7), only one of the diarylethene units can convert to the closed-ring form upon 
irradiation with UV light. Indeed for the majority of multi-component diarylethenes 
systems reported to date only one of the diarylethene units can convert to the closed-ring 
form upon UV irradiation.  
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Figure 7. Examples of diarylethene dimers where only one unit can be converted to the 
closed-ring form.
10,11,12 
 
Irie and co-workers
10 have suggested an explanation for the limitation of the second ring-
closing reaction in a diarylethene dimer system. When the closed-open (c-o) form of the 
dimer is irradiated with UV light, the energy of the excited state of the open unit is 
transferred efficiently to the closed unit in the same molecule (intramolecular energy 
transfer), as shown in Figure 8. Therefore, the cyclization of the remaining open unit cannot 
take place. 
 
Figure 8. Intramolecular Energy Transfer. 
However, a number of diarylethene dimers have been prepared which can, upon UV 
irradiation convert to a closed-closed state, using a phenyl group
13 as a linker to separate 
the photochromic units. The phenyl spacer suppresses the energy transfer to some extent.
14 
As shown in Figure 9, the photogenerated products of compound 8 can be separated by 
HPLC to obtain a closed-open and closed-closed isomer. The 8(c-o) form has a 
characteristic absorption band at 596 nm (ε=13,500 M
-1cm
-1), and 8(c-c) shows a 
characteristic absorption maximum at 588 nm (ε=25,000 M
-1cm
-1). Furthermore the molar 
absorptivity was twice that of the closed-open isomer. The spectral shift of the absorption 
of  8(c-c) form is due to π-conjugation between the two-closed ring units of the 
diarylethene. In addition, the rates of the photoreaction were followed by measuring the 
change in the ratio of 8(o-o), 8(c-o), and 8(c-c) by HPLC, upon UV light irradiation; 8(c-o)  
 
 
47 
 
 
 
 
 
Synthesis and Photochromic Properties of a Dithienylethene-Cyclopentene Dimer 
linked by a Silyl Bridge 
is produced first following the decrease of 8(o-o). At the early stage of the photoreaction, 
the formation of 8(c-c) is negligible. When the formation of 8(c-o) reaches more than 80%, 
8(c-c) is formed. This study indicates that the doubly ring-closed form has a through bond 
interaction involving π-conjugation. 
 
Figure 9. Structures of diarylethene dimers 8 linked by a phenyl spacer. a) Absorption 
spectra of 8(o-o) (—), 8(c-o) (
……), 8(c-c) (-
.-
.-) and b) Change in the mole fraction of the 
isomers,  8(o-o) (•), 8(c-o) (▴), and 8(c-c) (о) in the photocyclization reaction upon 
irradiation at 313 nm.
13a 
 
Irie and co-workers
13b have also studied intramolecular magnetic interactions using a 
diarylethene dimer 9 where the dimer was used as a photoswitching core and two nitronyl 
nitroxide radicals were placed at both ends of a diarylethene as shown in Figure 10. The 
photochromic reaction proceeded effectively from 9(o-o) to 9(c-c). The 9(c-o) and 9(c-c) 
isomers were separated by HPLC. The 9(c-c) isomer has an absorption maximum at 576 
nm, which is red-shifted as much as 16 nm in comparison with closed-open isomer. ESR 
spectroscopy was also employed for the detection of the changes in magnetic interaction. 
The derivative spectrum of 9(o-o) and 9(c-o) shows five lines (Figure 10a and 10b, 
however, the derivative spectrum of 9(c-c) has nine lines, indicating that the exchange 
interaction between the two nitronyl nitroxide radicals in 9(c-c) was much larger than in the 
9(o-o) and 9(c-o) isomers. Thus each diarylethene serves as a switching unit to control the 
magnetic interaction. While 9(o-o) and 9(c-o) were in the “OFF” state, 9(c-c) was in the 
“ON” state.  
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Figure 10. Right) Structure of diarylethene dimers 9, which bridge two nitronyl nitroxide 
radicals, linked by a phenyl spacer.  Left) X-band ESR spectra measured at room 
temperature in benzene (9.32 GHz).
13b 
2.4.2   Bis(diarylethene)s with non conjugated linkers 
If two diarylethene photochromic units are not π-conjugated with each other, the two 
photochromic moieties should behave independently. This should result in ring-closing 
reactions of both photochromic units. In the literature, bis(diarylethene)s linked by non-
conjugated spacers i.e. 1,2-diaminocyclohexane 10
15, spiro acetal 11
16, or fluorene 12
17, 
have been reported where both photochromic units within the molecule undergo ring-
closing reactions (Figure 11 and Figure 12). 
 
Figure 11. Both diarylethene units in compound 10 and 11 can convert to the closed-ring 
forms when linked by non-conjugated spacers.  
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A fluorene derivative 12 with two diarylethene units at the 9,9’-positions underwent 
photocyclization of both units, in which the absorption maximum of 12(c-o) (595 nm) is the 
same as that of 12(c-c) and the molar absorptivity of 12(c-c) (40,600 M
-1cm
-1) is also twice 
that of 12(c-o) (20,600 M
-1cm
-1) in the visible region. At the PSS state, the ratio of 12(o-o), 
12(c-o), and 12(c-c) was 0.1:3.5:96.4. Furthermore the quantum yields of the 12(o-o) to 
12(c-o) and 12(c-o) to 12(c-c) processes are not significantly different. This indicates that 
the reactivity of the two diarylethene units is the same, even if one of the units is in the 
closed-form. The energy of the open unit in 12(c-o), in its excited state, is not transferred to 
the closed unit by intramolecular energy transfer because of the lack of π-conjugation and 
non-coplanarity between the two diarylethene units (i.e. the X-ray structure shows the two 
diarylethene units in the dimer are almost perpendicular to each other). As a consequence 
energy transfer between the two diarylethene units is not effective and both units undergo 
photochromic reactions independently. 
 
 
Figure 12. A diarylethene dimer 12 linked by a fluorine unit and the absorption spectra of 
the 12(o-o) (
.-
.-
.-), 12(c-o) (----), and 12(c-c) (—) forms.
17 
 
Recently, Matsuda and co-workers reported the reversible photoinduced change in 
molecular ordering of a diarylethene dimer linked by pyrene 13 at a solution-HOPG 
interface (Figure 13).
18 At PSS in solution, the ratio of the 13(o-o), 13(c-o), and 13(c-c) 
isomers under 313 nm irradiation was 0.1:8.2:91.7, respectively, which was determined by 
HPLC. Upon irradiation with UV light, both diarylethene units underwent efficient 
cyclization independently and the interaction between the two closed-ring isomers is small 
due to the broken π-conjugation and the large distance between the diarylethenes. Moreover 
an STM study of this compound shows the reversible photoinduced change in molecular 
ordering at a solution-HOPG interface. The photochromic isomers showed different  
 
 
50 
 
 
 
 
 
Chapter 2 
 
ordering. A new organization appeared upon irradiation with UV light. The new 
arrangement was assigned to the ordering of the closed-closed isomer (Figure 13b) and 
returned to the original ordering upon irradiation with visible light (Figure 13c).   
 
Figure 13. A diarylethene dimer 13 linked by pyrene spacer  and its sequence of STM 
images (100x100 nm
2) at the interface of octanoic acid-HOPG upon UV and visible 
irradiation: a) before UV irradiation, b) after UV irradiation for 5 s, c) after successive 
visible irradiation.
18 
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Thus the photochromic behavior of these multi-component systems has proven to be 
sensitive to the nature of the bridging unit. In other words, the electronic communication 
between diarylethene units depends on the intrinsic properties of the spacers. In this chapter 
we focus on examining the communication between two proximally connected diarylethene 
units, which are bridged via a single silicon atom (Figure 14). Of particular interest is how 
close the two photochromic units can be brought together to allow for intercomponent 
communication without a loss of the photochromic properties of each component. A key 
aspect of through bond communication between photochromic units is the overlap integral 
of the orbitals of the bridging unit with the two photochromic units. If this overlap can be 
reduced (as in the case of a dimethylsilyl bridge) then through bond interaction can be 
minimized resulting in through space interaction dominating any communication between 
the components observed. 
 
 
Figure 14. Photochromic reactions of diarylethene dimers described in this chapter. 
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2.5   Results 
2.5.1   Synthesis 
The diarylethene dimers linked by a silyl bridge were prepared from monomers 15 and 16 
(Scheme 1). Diarylethene switches 15 and 16 were synthesized following the procedure 
shown in Scheme 1, employing compound 14 as a precursor. Treatment of compound 14 
with n-butyllithium and subsequent reaction with tributylborate results in a boronic acid 
intermediate, which was reacted further with an aryl halide in a Suzuki coupling reaction. 
 
 
Scheme 1. Synthesis of diarylethene monomer. 
 
Scheme 2. Synthesis of diarylethene dimers bridged by a SiMe2 group. 
The diarylethene dimers 17H/17F and 18H/18F were synthesized according to the method 
given in Scheme 2.  Lithiation of 15H/F or 16H/F with t-butyllithium and subsequent 
silylation
19 by dichlorodimethylsilane yielded compounds 17H/17F  and  18H/18F. 
Furthermore, compound 19H was synthesized to compare its properties with compound 
16H. The synthesis of compound 19H is shown in Scheme 3. Lithiation of 16H with t-
butyllithium, followed by reaction with trimethylsilylchloride provided compound 19H in 
74% yield.  
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Scheme 3. Synthesis of diarylethene 19H. 
2.5.2   Photophysical Properties of Diarylethenes at Room Temperature 
 
Figure 15 shows the UV/Vis absorption spectra of the open and closed forms of 
diarylethene dimers 17H/F and 18H/F in n-heptane. Dynamic interconversion between the 
open and closed form can be achieved by irradiation at selected wavelengths (λ = 313 nm 
for ring closure and λ > 420 nm for the ring opening). It should be noted that upon 
irradiation of the open forms with UV light in all cases a photostationary state (PSS) is 
reached. Due to nonzero absorption of the closed form in the UV spectral region, both ring 
closure and ring opening take place after photoexcitation, leading to an equilibrium 
situation, the so-called photostationary state (PSS), determined by the quantum yields of 
ring closure and ring opening processes. However, quantum yields of ring closing and ring 
opening processes obtained for diarylethenes showed that the cyclization is more efficient 
than the ring opening.
1 In the case of the present compounds the isomeric ratios at the 
photostationary states were determined by analytical HPLC. The electronic absorption data 
of the diarylethene compounds 17H/F, 18H/F, and 19H and their corresponding molar 
absorptivities are summarized in Table 1. The absorption maxima of the open forms of all 
compounds appear around a wavelength of 270 nm. However, the closed ring isomers of 
perfluorocyclopentene derivatives show significant shifts in the UV/Vis absorption spectra 
to longer wavelengths in comparison with the perhydrocyclopentene derivatives. The lower 
PSS of perhydrocyclopentene dimers compared to perfluorocyclopentene dimers is as 
expected in view of related symmetrically-substituted systems (Table 1).
20  
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Figure 15. UV/Vis absorption spectra of a) 17Ho/17Fo and 18Ho/18Fo, and b) 17Hc/17Fc 
and 18Hc/18Fc in n-heptane at room temperature (typical concentrations are 10
-5 M). 
Table 1 UV.Vis absorption data
a 
  λmax (ε) (O)  λmax (ε) (C) 
 
PSS312 nm 
  
19H  275 (24.5)  296 (25.5), 500 (10.43)  37:63
b 
17H  233 (44.0), 270 (45.0)  345 (15.6), 518 (21.9)  8:36:56
c 
17F  256 (53.0), 282 (48.0)  369 (13.0), 568 (21.0)  1:99
d 
18H  274 (50.0)  300 (43.5), 506 (21.8)  7:37:56
c 
18F  256 (45.0), 294 (50.7)  340 (37.7), 578 (26.5)  1:99
d 
aλ in nm, ε  in mM
-1 cm
-1. In n-heptane solution. 
bratio by HPLC of 19Ho: 19Hc. 
cratio by HPLC of oo:co:cc 
isomers. 
dratio by HPLC of oo:(co+cc) isomers. (o) = open from; (c) = closed form 
 
To confirm photogeneration of the singly-closed and doubly-closed isomers of diarylethene 
dimers 17H/F and 18H/F, the photogenerated colored solution was analyzed by HPLC 
using a silica gel column. Although the fully open form of all compounds could be 
separated by HPLC from the partial and fully closed forms, with the exception of 18H, 
separation of the single and the doubly closed forms was not achieved. Chromatographic 
separation of all three isomers (o-o, c-o, and c-c) was achieved only for 18H with detection 
at 292 nm, which is the isosbestic point. 18H(o-o) was eluted at 4.8 min. The 
photogenerated colored solution of 18H gave three fractions at 4.8, 5.6, and 6.7 min (Figure 
16). The compound eluting at 4.8 min is assigned to be 18H(o-o), and the compound with 
the retention times at 5.6 and 6.7 min are assigned to 18H(c-o) or 18H(c-c). With detection 
at 506 nm, which is the absorption maxima of the closed products, only the compounds 
with the elution times of 5.6 and 6.7 min were observed. The ratio of the three isomers at 
the PSS was determined to be 7:37:56 {18H(o-o):18H(c-o):18H(c-c)}. The remainder of 
the discussion of the photochemistry of the silyl bridge dimer will focus on compound 18H.   
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Figure 16. HPLC chromatogram showing 18H(o-o), 18H(c-o), and 18H(c-c), respectively, 
using a Whelk-01 column and i-propanol:n-heptane=0.1:99.9 as eluent. 
2.5.3   Photochromism of 18H 
The UV/Vis absorption spectral changes of dimer 18H are shown in Figure 17. 18H(o-o) 
has an absorption maximum at 274 nm. The photochromic reaction of 18H(o-o) upon 
irradiation at 312 nm in hexane converts the colorless solution to a coloured solution, with 
absorption bands in the visible region, in which the absorption maxima was observed at 506 
nm. The absorption bands are typical for the formation of the closed ring forms, 18H(c-o) 
and 18H(c-c). Irradiation at >420 nm leads to a complete reformation to the colourless 
18H(o-o) state. A single isosbestic point at 292 nm was maintained during both ring closing 
and ring opening processes. 18H(c-o) and 18H(c-c) were generated photochemically and 
isolated by preparative thin layer chromatography using ethyl acetate/n-heptane (5:95) as 
eluent. Both 18H(c-o) and 18H(c-c) were analyzed by mass spectrometry and 
1H NMR 
spectroscopy. The two compounds show the same molecular weight (m/z = 788) as 18H(o-
o) but have distinct spectroscopic data (vide infra). 
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Figure 17 a) UV-Vis spectral changes of 18H(o-o) upon irradiation with 312 nm light. b) 
Photobleaching of the photogenerated solution of 18H upon irradiation at >420 nm.  
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The UV-Vis spectrum of the singly closed form 18H(c-o) is identical to that of a 1:1 
mixture of the fully open 18H(o-o) and closed 18H(c-c) forms. The visible absorption 
spectra (i.e. > 400 nm) of both 18H(c-o) and 18H(c-c) are identical except with respect to 
the molar absorptivity (ε 11.0 and 21.8 mM
-1cm
-1 at λmax 506 nm, respectively) as shown in 
Figure 18. This indicates that two diarylethene units are independent chromophores, and 
that there is little if any significant intramolecular interaction between them. Moreover, 
irradiation of pure 18H(c-o) and 18H(c-c) with > 455 nm light leads to a complete recovery 
of the colorless 18H(o-o) state as shown in Figure 19. A single isosbestic point at 292 nm 
was maintained during photo bleaching in both cases. This result indicates that the 
formation of the two coloured species is due to sequential ring-closure, and not to 
formation of side products, which can be observed in diarylethene systems upon prolonged 
irradiation.
21 
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Figure 18 a) Absorption spectra of 18H(o-o) (—), 18H(c-o) (-----), and 18H(c-c) (
………) in 
n-heptane (concentration are ca. 10
-5 M). 
Table 2. Absorption maxima and extinction coefficients of 18H(o-o),  18H(c-o), and 
18H(c-c) 
  λmax/nm (ε/M
-1cm
-1) 
18H(o-o) 274(50.0) 
18H(c-o)  296 (35.9), 506 (11.0) 
18H(c-c)  300 (43.5), 506 (21.8) 
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Figure 19. UV-Vis spectral changes a) 18H(c-o) to 18H(o-o) and b) 18H(c-c) to 18H(o-o) 
when irradiated with visible light > 455 nm; (conc. 2x10
-5 M in acetonitrile). 
 
2.5.4   
1H NMR spectroscopy of 18H 
 
1H NMR spectroscopy is a useful technique for monitoring the progress of the 
photochemical reactions.
22 In general, the absorptions of the methine protons on the 
thiophene heterocycles shift upfield upon ring-closure of the dithienylethene (Figure 20). 
This is due to the loss of aromaticity of the heterocycles upon ring-closure.
23 In the open 
form, the absorption of the methine protons of the aromatic thiophene ring appears in the 
aromatic region of the 
1H NMR spectrum. In the closed form, the resonances for these 
protons appear in the region of the spectrum more characteristic of alkenes. 
 
Figure 20. The structure of the dithienylcyclopentene in the open and closed forms 
indicating the proton that experiences an upfield chemical shift upon ring closure. 
 
Figure 21 shows the 
1H NMR spectra in the range of 3.6 to 8.0 ppm of the three isomers of 
18H. For 18H(c-o), the heterocyclic proton absorptions of 18H(o-o) at 6.84 and 6.96 ppm 
are replaced by a new set of four absorptions at 6.04, 6.25, 6.87, and 7.03 ppm (Figure 
21b), two of which appear close to the absorptions of 18H(o-o). The absorptions at 6.04 
and 6.25 ppm are shifted significantly upfield as expected for the ring-closed state.
24 The 
asymmetric nature of this product confirms that the singly-closed ring isomer 18H(c-o) has  
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formed. Figure 21c shows only two heterocyclic proton absorptions at 6.17 and 6.25 ppm 
confirming that both diarylethene units are in the closed state i.e., 18H(c-c). 
 
Figure 21. 
1H NMR (400 MHz) spectra of a) 18H(o-o), b) 18H(c-o) and c) 18H(c-c) in 
CDCl3; Ha and Hb assigned to the chemical shift of thienyl protons in the open form; Hc and 
Hd assigned to the chemical shift of thienyl protons in the closed form. 
 
In contrast to the UV-Vis spectrum of 18H(c-o) and 18H(c-c), 
1H NMR spectroscopy of the 
two dithienylethene photochromic units shows considerable through-space steric 
interaction, as evidenced by the difference in the chemical shift of the thienyl protons of the 
open and closed forms in the three isomers.  
2.5.5   Ring-closure kinetic study 
 
The PSS of 18H indicates that the efficiency of photochemical ring closing to the c-o state 
is good (>93%), and it is higher than that observed for the monomeric model compound 
19H. However, the efficiency of the second ring closing step is considerably reduced 
compared to the higher PSS ratio of a diarylethene dimer linked by fluorene in the c-c state 
(Figure 12). Presumably it is due to through space quenching of the excited state of the 
open photochromic units by the closed unit, reducing the quantum yield of the 
photochemical ring closing reaction and hence the equilibrium point reached with the 
reverse photochemical ring opening reaction. Temperature gating of the ring-opening 
process in diarylethene switches was demonstrated by Dulic et al.
25 They reported the 
suppression of the photochemical ring-opening process with decreasing temperature (<120 
K for a diphenyl-substituted perhydrocyclopentene switch), leading to the complete 
suppression of the photoreaction below a cut-off temperature. Due to a thermally activated 
nature of the process, typically below 120 K ring opening of the dithienylethene is not 
observed even after prolonged irradiation with visible light (λmax > 540 nm). By contrast,  
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the reverse ring-closure process showed no significant temperature dependence above 115 
K. 
In order to confirm that the low photostationary state between the 18H(c-o) and 18H(c-c) 
forms at 298 K (Table 1) is due to impedance of the second photochemical ring closing 
step, photochemical ring closure of the 18H(o-o) form was carried out under conditions 
designed to avoid photochemical ring opening. Hence the photochemical ring closure of 
both 18H(o-o) and 18H(c-o) was followed by visible spectroscopy at 120 K. For both, 
complete conversion to 18H(c-c) was observed, and although the ring closure is 
monoexponential for 18H(c-o), it is distinctly biexponential for 18H(o-o), with the initial 
ring-closing step (o-o to c-o) being three times faster than the second step (c-o to c-c), as 
shown in Figure 22. In addition to this, the photostationary state reached at 120 K was > 
98% in favor of 18H(c-c). Thus the low PSS at room temperature provides strong evidence 
that although the two photochromic units do not show through-bond interaction, i.e. 
delocalization, they nevertheless show significant through-space electronic communication 
in the excited state. 
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Figure 22. Formation of 18H(c-c) from 18H(o-o) at 120 K followed at 510 nm (data 
points: open circles, biexponential fit: solid  line). 
 
2.5.6   Electrochemical properties of diarylethene switches  
 
The electrochemical properties of the hexahydro- and hexafluoro- dithienylcyclopentene 
switches are summarized in Table 3. In the open state all of the compounds examined 
exhibit an irreversible oxidation process at more positive potentials than for the closed state 
and on the return cycle two new reversible redox processes are observed at potentials 
coincident with those of the closed form. These results indicate that similar electrochemical 
behavior occurs as reported previously for related dithienylethenes.
26  
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The redox chemistry of 18H(o-o) is characterized by an irreversible oxidation at Ep,a = 1.24 
V [ vs SCE]. In the return cycle two new reduction processes are observed at the potentials 
coincident with those of the closed form. This indicates that oxidative ring closure to 
18Hc
2+ is occurring. 18Hc
2+ can then be reduced, first to 18Hc
+ at 0.70 V and finally to 
18Hc at 0.45 V (Figure 23a). In the closed state, 18H shows two fully reversible oxidation 
processes between 0.25 and 0.90 V [vs SCE], assigned to two one-electron oxidation steps 
(Figure 23b). These two oxidation processes are in good agreement with the two oxidation 
processes that appear when oxidizing the open form and were assigned to the closed form. 
At higher oxidation potentials > 1.0 V, a quasi-reversible oxidation is observed at 1.20 V 
due to the non-innocent nature of the methoxyphenyl group.
26  The effect of the 
methoxyphenyl substituent can be found as well in the other closed states of 
dithienylethene 18F and 19H (Table 3). 
Table 3. Redox properties of dithienylethene switches  
 Open  form  E1/2 (V vs SCE)
a,b Closed  form  E1/2 (V 
vs SCE)
a,b 
 E p,a E p,c E 1/2  
17H R=Ph  1.34 (irr)  -  0.78, 0.40 
17F R=Ph  1.60 (irr)  -0.99  1.09, 1.28 
18H R=PhOMe  1.24(irr)  -  0.45, 0.70, 1.2(qr) 
18F R=PhOMe  1.63(irr), 1.35 (qr)  -1.94  0.88, 1.05, 1.13(qr) 
19H R1=PhOMe, R2=TMS  1.34(irr)  -  0.41, 0.70, 1.22(qr) 
 
 a In CH2Cl2 / 0.1 M TBAPF6 vs SCE  
b irr=irreversible, qr=quasi reversible. 
 
 
Cyclic voltammetry of the model compound 19H is similar to that of the diarylethene-
dimer 18H and is characterized by an irreversible oxidation at Ep,a = 1.34 V [vs SCE] 
leading to oxidative ring closure to 19Hc
2+. This species can be reduced, first to 19Hc
+ at 
0.70 V and finally to 19Hc at 0.41 V (Figure 24). In the closed state, 19H shows less 
positive redox potentials than in the open form due to destabilization of the HOMO level. 
Two fully reversible oxidation processes are observed between 0.2 and 0.9 V [vs SCE], 
which are assigned to two one-electron oxidation steps. These two oxidation processes are 
in good agreement with those observed after oxidizing the open form and are assigned to 
the closed form. As for 19Hc, a quasi-reversible oxidation at 1.22 V [vs SCE] is observed 
due to oxidation of the methoxyphenyl group.  
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Figure 23. a) Cyclic voltammetry of 18H(o-o), b) Cyclic voltammetry of 18H at PSS after 
irradiation at 312 nm.  Glassy carbon working electrode in 0.05 M TBAClO4 in CH2Cl2 at -
78 
oC, scan rate 0.1 V s
-1, in the presence of hexamethylferrocene, (*), not corrected for 
solution resistance.  
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Figure 24. a) Cyclic voltammetry of 19Ho, scan rate 0.1 V s
-1, b) Cyclic voltammetry of 
19Hc at PSS after irradiation at 312 nm, scan rate 0.5 V s
-1  in 0.05 M TBAClO4 in CH2Cl2 
at -78 
oC, in the presence of hexamethylferrocene, (*), not corrected for solution resistance. 
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2.6   Discussion and Conclusions 
 
In this chapter the synthesis and characterization of the multi-component dithienylethene 
based switches in which the components are connected covalently via a short ‘one atom’ 
Me2Si spacer unit is described. Both photochromic units of diarylethene dimer 17H/F, and 
18H/F undergo complete switching between o-o, c-o and c-c states. The three different 
photochromic products (o-o, c-o, c-c) of 18H can be separated by HPLC and preparative 
TLC. A significant level of electronic communication between the individual units exists 
and their proximity effect has been studied by UV-Vis and 
1H NMR spectroscopy. The UV-
Vis absorption spectra and molar absorptivity of each isomer show that the extent of the 
electronic communication between dithienylethene units is minimal as confirmed by the 
identical absorption spectra between 18H(c-o) and 18H(c-c) albeit with a difference in their 
molar absorptivity (ε 11.0 and 21.8 mM
-1cm
-1 at λmax 506 nm, respectively). 
1H NMR 
spectroscopy indicates that the two dithienylethene photochromic units show significant 
through space interaction. Furthermore the PSS of 18H at room temperature shows that the 
efficiency of the second ring closing is considerably reduced, while at 120 K, the 
photostationary of 18H reached is >98% in favour of 18H(c-c). Thus the low PSS achieved 
at room temperature (Table 1) provides strong evidence that although the two 
dithienylethene units do not show through bond interaction, i.e. delocalization, or a 
significant overlap integral of the orbitals of the bridging unit with the two photochromic 
units, they nevertheless show modest through space electronic communication. The redox 
properties of dithienylethene dimer 17H/F and 18H/F, determined by cyclic voltammetry, 
show the oxidative electrochemical switching similar to previously reported 
dithienylethenes.
26c,d However, the oxidative electrochemical switching of single-closed or 
doubly-closed isomer of 18H is still unclear, i.e. whether or not  oxidative electrochemical 
switching from 18H(o-o) to 18H(c-o) and 18H(c-c), respectively, is sequential or 
simultaneous. Moreover, 18H shows similar redox chemistry as monomer 19H with no 
indication that there is through-bond or electrostatic interaction between each diarylethene 
unit.  
In summary, multicomponent dithienylethene-based switches in which the components are 
connected by a short spacer Me2Si unit can undergo ring closing and opening involving 
three distinct states. This chapter demonstrates that the silicon atom spacer
27 precludes 
effective through bond interaction presumably due to poor orbital overlap integrals with 
those of the dithienylethene components. However, the photochromic state of one 
photochromic unit can influence the photoreactivity of another unit even with a small but 
significant through space interaction present when they are intimately connected leading to 
a low PSS state of 18H at room temperature. The system presented here shows that spatial 
proximity between dithienylethene units can be achieved somewhat independently of 
electronic communication. By introducing asymmetry in a bicomponent system, separated 
by a silicon atom this approach may allow for the development of functional systems for 
incorporation into molecular logic devices.   
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2.7   Experimental Section 
General Remarks 
Reagents and starting materials were used as received from Aldrich and Acros Chimica, 
Fluka or Merck. 
1H NMR spectra were recorded on a Varian VXR-400 spectrometer (at 
400 MHz) at ambient temperature. 
13C NMR spectra were recorded on a Varian VXR-400 
(at 100 MHz). Chemical shifts are denoted δ (ppm) referenced to the residual CHCl3 peaks. 
Coupling constants J are denoted in Hz. The splitting patterns are designated as following: 
s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet) and b (broad). Mass spectra 
were recorded with a Joel JMS-600 mass spectrometer by Mr. A. Kiewiet with ionization 
according to the CI
+, DEI, EI
+ procedure. Aldrich, silica gel, Merck grade 9835, (230-400 
mesh) and Aldrich, preparative TLC plates with UV 254 (20x20 cm), thickness 2000 μm 
were used for chromatography. If necessary, solvents were distilled and dried before use by 
standard methods. HPLC was performed on a Shimadzu LC-20. Columns used are the 
Econosphere and Whelke-01. UV/Vis measurements were performed on a Hewlett-Packard 
HP 8453 diode array spectrophotometer using UVASOL grade solvents (Merck). Low 
temperature measurements at 120 K by using liquid nitrogen cooled optical cryostat 
(Optistat DN, Oxford instruments). Electrochemical measurements were performed using a 
Model 630B or 760C Electrochemical Workstation (CH Instruments). Analyte 
concentrations were typically 0.5 to 2 mM in anhydrous CH2Cl2 containing 0.1 M tetra-
butylammonium hexafluorophosphate (TBAPF6) or 0.05 M tetra-butylammonium 
perchlorate (TBAClO4) for low temperature measurements. A Teflon shrouded glassy 
carbon was employed as a working electrode (CH Instruments), a Pt wire auxiliary 
electrode and Ag/AgCl ion quasi reference or a SCE electrode were employed (calibrated 
externally using 0.1 mM solution of ferrocene, all potentials reported are relative to the 
SCE). Cyclic voltammograms were obtained at sweep rates between 100 mV s
-1 and 5000 
mV s
-1. Compound 14H/F and 15H/F were prepared according to literature procedures.
26d 
5-Chloro-3-(2-(5-(4-methoxyphenyl)-2-methylthiophene-3-yl)cyclopent-1-enyl)-2-
methylthiophene (16H). To a solution of 5-chloro-3-(2-(5-chloro-2-methylthiophene-3-
yl)cyclopent-1-enyl)-2-methylthiophene (14H) (3.01 g, 9.18 mmol) in THF (100 ml) was 
added n-BuLi (5.74 ml, 1.6 M in hexane, 9.18 mmol) under a nitrogen atmosphere. After 
1h, B(OBu)3 (3.71 ml, 13.7 mmol) was added and the mixture was stirred for 1 h at room 
temperature. A separate flask was charged with p-iodoanisole (2.14 g, 9.18 mmol), 
Pd(PPh3)4 (0.31 g, 0.27 mmol), THF (25 ml), aqueous Na2CO3 (2 M, 20 ml) and ethylene 
glycol (20 drops). The mixture was heated to 80 
oC and the preformed boronic ester was 
added slowly. The reaction mixture was heated at reflux overnight, cooled to room 
temperature, diluted with diethyl ether (200 ml) and washed with H2O (200 ml). The 
aqueous layer was extracted with addition diethyl ether (200 ml). The combined organic 
layer was dried over Na2SO4. After evaporation of the solvent, the product was purified by 
column chromatography on silica gel (heptane) to afford 16H as a viscous oil (2.28 g, 
62%). 
1H NMR (400 MHz, CDCl3) δ 1.92 (s, 3H), 2.01 (s, 3H), 2.03-2.11 (m, 2H), 2.74-
2.85 (m, 4H), 3.83 (s, 3H), 6.66 (s, 1H), 6.90 (s, 1H), 6.91 (d, J=8.8 Hz, 2H), 7.45 (d,  
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J=8.79 Hz, 2H); 
13C NMR (100 MHz, CDCl3) δ 14.1 (q), 14.3 (q), 22.8 (t), 38.3 (t), 38.4 
(t), 55.2 (q), 114.1 (d), 122.6 (d), 124.8 (s), 126.5 (d), 126.8 (d), 127.2 (s), 133.2 (s), 133.3 
(s), 133.5 (s), 135.1 (s), 135.3 (s), 136.1 (s), 139.6 (s), 158.8 (s). EI-MS (m/z): 400 (M
+, 
100); HRMS (m/z), 400.0721, calcd 400.0722. 
3-(2-(5-Chloro-2-methylthiophene-3-yl)-3,3,4,4,5,5-hexafluorocyclopent-1-enyl)-5-(4-
methoxyphenyl)-2-methylthiophene (16F). To a solution of 5-chloro-3-(2-(5-chloro-2-
methylthiophene-3-yl)-3,3,4,4,5,5-hexafluorocyclopent-1-enyl)-2-methylthiophene (14F) 
(1.2 g, 2.76 mmol) in Et2O (50 ml) was added n-BuLi (2.0 ml, 1.6 M in n-hexane, 3.31 
mmol) under a nitrogen atmosphere. After 1h, B(OBu)3 (1.12 ml, 4.14 mmol) was added 
and the mixture was stirred for 1 h at room temperature. A separate flask was charged with 
p-iodoanisole (1.94 g, 8.28 mmol), Pd(PPh3)4 (95 mg, 0.082 mmol), THF (50 ml), aqueous 
Na2CO3 (2 M, 10 ml) and ethylene glycol (10 drops). The mixture was heated to 80 
oC and 
the preformed boronic ester was added slowly. The reaction mixture was heated at reflux 
overnight, cooled to room temperature, diluted with diethyl ether (100 ml) and washed with 
H2O (100 ml). The aqueous layer was extracted with additional diethyl ether (100 ml). The 
combined organic layer was dried over Na2SO4. After evaporation of the solvent, the 
product was purified by column chromatography on silica gel (n-heptane) to afford 16F as 
a brown solid (0.91 g, 65%). M.p.= 112-115 
oC. 
1H NMR (400 MHz, CDCl3) δ 1.89 (s, 
3H), 1.96 (s, 3H), 3.84(s, 3H), 6.92 (d, J=8.79 Hz, 3H), 7.12(s, 1H), 7.49 (d, J=8.8 Hz, 2H); 
13C NMR (100 MHz, CDCl3) δ 14.3 (q), 14.4 (q), 55.4 (q), 114.4 (d), 121.0 (d), 124.4 (s), 
125.4 (s), 125.7 (d), 126.0 (s), 126.9 (d), 127.7 (s), 140.3 (s), 140.5 (s), 142.4 (s), 159.6 (s). 
EI-MS (m/z): 508 (M
+, 100); HRMS (m/z), 508.0146, calcd 508.0156.  
Dimethyl-bis(5-methyl-4-(2-(2-methyl-5-phenylthiophen-3-yl)cyclopent-enyl)thiophen-
2-yl)silane (17H). To a solution of 3-(2-(5-chloro-2-methylthiophene-3-yl)-cyclopent-1-
enyl)-5-(phenyl)-2-methylthiophene (15H). (0.40 g, 1.0 mmol) in Et2O (20 ml) was added 
by syringe t-BuLi (1.0 ml, 1.5 M in n-hexane, 1.5 mmol) under a nitrogen atmosphere at 
room temperature. The mixture was stirred for 1 h at room temperature and 
dichlorodimethylsilane (0.13 ml, 1.0 mmol) was added dropwise. This solution was stirred 
for 2 h at room temperature. The reaction mixture was hydrolyzed with a saturated aq. 
NH4Cl (15 ml), and the aqueous layer was extracted with diethyl ether (20 ml x 2), dried 
over Na2SO4, and the solvent evaporated. The product was purified by column 
chromatography on silica gel (n-heptane) to give 17H as a viscous oil (0.14 g, 37%). 
1H 
NMR (400 MHz, CDCl3) δ 0.43 (s, 6H), 1.86 (s, 6H), 1.96 (s, 6H), 2.02 (m, 4H), 2.75 (m, 
8H), 6.90 (s, 2H), 6.91 (s, 6H), 7.17 (m, 2H), 7.26 (t, J=7.32 Hz, 7.69Hz, 4H), 7.41 (d, 
J=7.32 Hz, 4H); 
13C NMR (100 MHz, CDCl3) δ -0.25 (q), 14.24 (q), 14.3 (q), 23.1 (t), 38.3 
(t), 38.3 (t), 124.1 (d), 125.3 (d), 126.8 (d), 128.7 (d), 133.3 (s), 134.4 (s), 134.5 (s), 134.8 
(s), 136.6 (s), 136.6 (d), 137.4 (s), 139.4 (s), 141.1 (s). EI-MS (M
+): 728 (M
+). 
Bis(4-(3,3,4,4,5,5-hexafluoro-2-(2-methyl-5-phenylthiophen-3-yl)cyclopent-1-enyl)-5-
methylthiophen-2-yl)dimethylsilane (17F). To a solution of 3-(2-(5-chloro-2-
methylthiophene-3-yl)-3,3,4,4,5,5-hexafluorocyclopent-1-enyl)-5-(phenyl)-2-
methylthiophene (15F) (0.51 g, 1.0 mmol) in Et2O (20 ml) was added by syringe t-BuLi 
(1.0 ml, 1.5 M in n-hexane, 1.5 mmol) under a nitrogen atmosphere at room temperature. 
The mixture was stirred for 1 h at room temperature and dichlorodimethylsilane (96 μl,  
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0.75 mmol) was added dropwise. After stirring for 2 h at room temperature, the reaction 
mixture was hydrolyzed with saturated aq. NH4Cl (15 ml), and the aqueous layer was 
extracted with diethyl ether (2 x 20 ml), dried over Na2SO4, and the solvent evaporated. 
The product was purified by column chromatography on silica gel (n-heptane) to give 17F 
as a viscous oil (0.18 g, 37%). 
1H NMR (400 MHz, CDCl3) δ 0.59 (s, 6H), 1.86 (s, 6H), 
1.99 (s, 6H), 7.20 (s, 2H), 7.24 (s, 2H), 7.30 (m, 2H), 7.37(t, J=7.7, 7.7 Hz, 4H), 7.52 (d, 
J=7.7 Hz, 4H) ; 
13C NMR (100 MHz, CDCl3) δ -0.6 (q), 14.2 (q), 14.4 (q), 122.4 (d), 125.6 
(d), 125.7 (s), 126.8 (s), 127.9 (d), 129.0 (d), 133.3 (s), 135.3 (d), 135.7 (s), 141.1 (s), 142.2 
(s), 148.2 (s); Maldi-TOF (M
+): 944.3 
 
(3-(2-(4-(4-Methoxyphenyl)-2-methylcyclopenta-1,4-dienyl)cyclopent-1-enyl)-4-
methylcyclopenta-1,3-dienyl)(4-(2-(5-(4-methoxyphenyl)-2-methylthiophen-3-
yl)cyclopent-1-enyl)-5methylthiophen-2-yl)dimethylsilane (18H). Compound 16H (0.83 
g, 2.07 mmol) was dissolved in anhydrous THF (15 ml) under a nitrogen atmosphere and t-
BuLi (2.07 ml, 1.5M in n-pentane, 3.1 mmol) was slowly added at 0 
oC. The mixture was 
stirred for 1 h at room temperature and dichlorodimethylsilane (0.13 ml, 1 mmol) was 
added dropwise. This solution was stirred for 2 h at room temperature. The reaction mixture 
was hydrolyzed with saturated aq. NH4Cl (15 ml), and the aqueous layer was extracted with 
diethyl ether (2 x 20 ml), dried over Na2SO4, and the solvent evaporated. The product was 
purified by column chromatography on silica gel (n-heptane/ethyl acetate 9/1) to give 18H 
as a pink oil (0.34 g, 42%). 
1H NMR (400 MHz, CDCl3) δ 0.47 (s, 6H), 1.88 (s, 6H), 2.00 
(s, 6H), 2.03-2.06 (m, 4H), 2.77-2.82 (m, 8H), 3.77 (s, 6H), 6.82 (s, 2H), 6.85 (d, J=8.80 
Hz, 4H), 6.95 (s, 2H), 7.37 (d, J=8.80 Hz, 4H); 
13C NMR (100 MHz, CDCl3) δ -0.3 (q), 
14.2 (q), 14.3 (q), 23.0 (t),38.3 (q), 53.3 (q), 114.1 (d), 123.0 (d), 126.6 (d), 127.5 (s), 133.3 
(s), 133.4 (s), 134.5 (s), 134.6 (s), 136.5 (s), 136.7 (d), 137.4 (s), 139.3 (s), 141.1 (s), 158.8 
(s); Maldi-TOF (M
+) 788.4; Anal. calcd. for C46H48O2S4Si : C, 70.01, H, 6.13, S, 16.25. 
Found: C, 70.40, H, 6.52, S, 15.75 
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Chapter 3 
Photo- and Electrochemical 
Properties of SAMs of 
Diarylethenes on Semiconductive 
Surfaces 
 
In this chapter, the syntheses and characterization of two functionalized 
diarylethene switches, one of which is attached to a coumarin fluorophore 
(compounds 3 and 4, respectively), are described. Both functionalized switches 
were immobilized on surfaces (i.e. quartz and ITO) using a triethoxysilane as the 
anchoring unit. The immobilized switch 3 can undergo multiple ring-opening and 
ring-closing reactions both electrochemically and photochemically driven. An 
important feature is that the state of the modified surface can be read ‘non-
destructively’ by electrochemical readout. For diarylethene 4, the formation of self-
assembled monolayers on ITO was found to be non-reproducible due to the 
instability of the monolayer on the surface employed. By contrast, the 
photochemical switching of fluorescence of the immobilized switch 4 was found to 
be reversible on quartz surfaces. The studies presented here show that 
intermolecular interactions have various consequences for the design of surfaces 
functionalized with dithienylethenes.  
 
This chapter has been published in part in: 
J. Areephong, W. R. Browne, N. Katsonis, B. L. Feringa, Chem. Commun. 2006, 
3090-3092. 
J. H. Hurenkamp, J. Areephong, W. R. Browne, J. H. van Esch and B. L. Feringa, 
manuscript in preparation. 
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3.1   Introduction 
A major challenge of molecular electronics is to design devices based on addressable 
molecular structures and to incorporate them into integrated circuits.
1 A s  s u c h  s e l f -
assembled monolayers of photochromic compounds hold considerable potential in the 
development of molecular electronic and optoelectronic memory devices.
2 Their ability to 
respond to an external stimulus places light-triggered molecular switches amongst the more 
promising of candidates as components for future molecular electronic devices. In 
particular, bistable diarylethene compounds are attracting increasing attention as a result of 
their good fatigue resistance and the reversibility of their photochemical- and redox-driven 
switching chemistry from the closed colored form to the open colorless form.
3 Although the 
majority of investigations have focused on intrinsic molecular properties in solution, the 
ability to harness the rich and, often reversible photo- and redox chemistry of molecular 
systems requires that the functionality observed in solution is retained once immobilized on 
surfaces. In the context of the development of molecular electronics, it is essential to 
investigate how the properties of the dithienylethene molecular switches are modified, 
modulated, or degraded when they are attached covalently onto surfaces. In the following 
paragraphs, a short overview of the recent studies of dithienylethene switches on surfaces is 
presented. 
3.2   SAMs of dithienylethene switches on a metal surface 
 
In previous studies in our group, the potential of dithienylethene switches was first 
demonstrated in molecular electronic devices by studying the conductivity of a 
dithienylethene switch with thiophene groups as spacers and functionalized by two thiol 
groups chemisorbed on each of two electrodes of a mechanically-controlled break junction 
(MCBJ),
4 as shown in Figure 1. This study demonstrates that the switching of a molecule 
from the closed to the open state results in a significant increase in resistance by three 
orders of magnitude, however the reverse process, switching from the open to the closed 
state was not observed. This limitation associated with the one-way switching of the 
dithienylethene unit in the MCJB was rationalized as due to quenching of the excited state 
of the molecule in the open form by the gold electrodes.
5  
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Figure 1. Schematic representation of a dithienylethene bridging two electrodes in the 
mechanically-controlled break junction (MCBJ).
4 
The reversible switching of a diarylethene switch on a gold surface (Au 111) was 
investigated by STM
6 for individual molecules modified with a phenyl spacer at the meta 
position of which a thiol group was attached, as shown in Figure 2. In its open form, the 
dithienylethene has similar charge transport properties and consequently the same apparent 
height as dodecanethiol. Therefore the open form of the dithienylethene switch cannot be 
distinguished within the SAM of dodecanethiol (Figure 2a). By contrast, the closed form is 
distinguished clearly by a higher apparent height (Figure 2b). The reversible photochemical 
switching of a meta-phenyl-linked dithienylethene has been confirmed by using the 
apparent height of the dithienylethene switch as a readout signal. 
 
Figure 2. Schematic diagrams of photochemical switching of a dithienylethene anchored to 
Au(111). a) Apparent height STM images in the open form; b) closed form, the  
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dithienylethene presents a bright contrast, which is related to its better charge transport 
properties.
6 
These studies of diarylethene switches on gold electrodes by MCBJ and STM suggest that 
the reversibility of the photochromic switching is directly related to the electronic 
communication between the switching unit and the substrate. Kudernac et al.
7, 8 reported 
further experiments to investigate this phenomenon, carried out with diarylethene 
incorporating a variety of the linkers attached to gold nanoparticles
7, and gold bead 
electrodes
8 as shown in Figure 3. All three compounds display typical photochromic 
behavior when in solution. The photochromic properties of diarylethenes linked to gold 
nanoparticles via an aromatic spacer have been investigated. Depending on the spacer, bi-
directional light induced switching of the diarylethene on gold was observed for 
compounds with a meta- and para- phenyl spacers and uni-directional photochromic 
reactions (ring opening) were observed in the case of a thiophene spacer. This demonstrates 
that small changes in molecular structure can have a significant impact on the overall 
photochemistry. 
 
Figure 3. Schematic representation of the molecular structure of dithienylethene with m-
phenyl, p-phenyl and thiophene substituted thiol linked to gold nanoparticles and gold bead 
electrodes. 
In 2007, Irie and co-workers
9 reported a correlation between the plasmon absorption of the 
Ag nanoparticles and the fluorescence of a diarylethene using the system shown in Figure 
4. On a silver surface, the diarylethene shows normal reversible photochromic reactions; 
however, the PSS from the open to the closed form decreases dramatically, indicating a 
decrease in the quantum yield of photocyclization. The quenching of the excited state was 
attributed to energy transfer from the diarylethene unit to the Ag nanoparticles, 
consequently the overlap between the absorption of the diarylethene and plasmon 
absorption of Ag nanoparticles is apparently an important factor in the quenching of 
photochemically excited states.  
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Figure 4. Diagram illustrating diarylethene SAMs on silver nanoparticles.
9 
 
Figure 5. Self-assembled monolayers of diarylethene 1 on a gold electrode, (A) Cyclic 
voltammogram of a dithienylethene modified gold electrode; a) 1o monolayer-
functionalized electrode, b) 1c after application of a potential of 0.35 V for 90 s, c) after 
irradiation at 570 nm for 15 min. (B) Peak current values obtained upon repetition of 
switching cycles.
10 
 
Willner and co-workers
10 have reported SAMs of diarylethenes 1 on a gold surface as a 
write-read-erase information processing unit, by using electrochemistry as a non-
destructive read out method of the two different states of the diarylethene switch on a gold 
electrode, as shown in Figure 5. 1o undergoes an electrochemical cyclization to form 1c 
after application of potential at 0.35 V. The ring-closure product 1c also undergoes 
photochemical ring-opening to 1o. It should be noted that 1c does not show any redox-
response in the range of 0.0 V to 0.3 V. The self-assembly monolayer of 1 can be written 
and read electrochemically, and the information stored can be erased photochemically upon  
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irradiation with visible light. Thus, the electro- and photochemical properties of the 
monolayer-functionalized electrode reveals the sequential electro- and photochemical 
storage of information. 
Self-assembled monolayers of diarylethenes have been shown recently to have a large and 
reproducible bidirectional conductance switching in a solid-state molecular device
11 (Figure 
6). SAMs of diarylethenes were coated with a highly conductive organic polymer top 
electrode to prevent the formation of short-circuits between the top and the bottom 
electrodes. Upon irradiation within a specific wavelength range, the conductance in these 
devices can be switched photochemically. Switching is not observed for devices without a 
SAMs of diarylethenes or with a monolayer of alkanethiol molecules that do not contain 
photoswitching units. Therefore these molecular devices can operate as an electronic 
ON/OFF switch and as a reprogrammable data storage moiety that can be written 
photochemically and read electronically. 
 
 
Figure 6. a) Schematic cross section of the device layout of a large-area molecular junction 
in which the diarylethene is sandwiched between Au and PEDOT:PSS and b) Current 
density vs time for the in situ optical switching of a monolayer of diarylethenes, alternating 
between UV (2 min) and visible (4 min) light, illustrating a direct current modulation 
through the molecular junction.
11 
 
The optoelectronic properties of SAMs of diarylethenes have been examined when 
immobilized on metal surfaces i.e. gold nanoparticles,
7,12 silver nanoparticles,
9 and bulk 
gold electrodes.
6,8 The nature, length, and position of the anchoring group between the 
diarylethene moieties and metal surface have been shown to play an important role in 
controlling the reversibility of the photoreactions on metal surfaces. Inhibition of 
photochemical reactivity in certain cases was attributed to the quenching of the photo-
excited state of the molecules by the electronic states of the metal surface.
13 Therefore, it is 
essential to design suitably modified diarylethenes or to employ semiconductor surfaces, 
e.g. indium tinoxide (ITO) electrodes, to avoid quenching of the excited state by the  
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surface. The photo- and electrochemical properties of diarylethene SAMs, on non-metallic 
conductive surfaces had not been reported thus far. This prompted us to study the photo- 
and electrochemical properties of self-assembled monolayers of diarylethenes on non-
metallic surfaces, in order to achieve read/write/erase information storage with non-
destructive read out. However, the development of practical read/write/erase memory 
devices depends, ultimately, on additional functions other than the molecular switching 
“write/erase” function (e.g. photochromism). Achieving a read/write memory device 
requires that a secondary physical signal, i.e. electrochemistry,
14,15 IR,
16 Raman,
17 
fluorescence spectroscopy
18 etc., is available to read the state of the switch non-
destructively. Diarylethene derivative Ho, which was studied previously in our group,
14 can 
undergo a reversible electrocyclic reaction to form Hc, allowing for both photo- and 
electro-chromism (Scheme 1). Oxidation of Ho generates the Ho
2+ intermediate, which can 
undergo a thermal electrocyclization reaction to form Hc
2+. The reduction of Hc
2+ yields 
Hc. Therefore, diarylethene switch Ho was chosen as the basis for the design of a 
switchable system to study the photo- and electrochemical behavior at a semiconductor 
interface (ITO). However, that functionality is preserved on a surface is not the only 
consideration; efficient readout is required also. 
 
Scheme 1. General scheme for electrochemical processes observed in dithienylethene based 
systems. 
It should be possible to combine, e.g. an efficient fluorophore with the diarylethene switch, 
thereby having a unit with a high quantum yield of fluorescence (Φ ≈ 1 e.g. anthracene, 
porphyrin and coumarin) for the purpose of read out. Indeed a diarylethene has been used 
successfully as a switchable fluorescence quencher
19 as shown in Figure 7. From previous 
studies in our group
20, it is known that a coumarin-dithienylethene 2 (Figure 7c) shows the 
properties of an effective fluorescence OFF/ON switch, by irradiation with UV and visible 
light, respectively. Furthermore the electrochemical properties of the switching unit are 
unaffected by the attachment of the coumarin unit. The combination of a diarylethene unit 
and a fluorophore opens the possibility of electro- and photochemical control of 
fluorescence output.  
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Figure 7. Schematic representation of a fluorophore – photochromic switch dyad. A) When 
the photochromic unit is in State 1, the fluorophore (F) is excited by λ1 and emits light at 
longer wavelengths (λ2). B) When the photochromic unit is in State 2, F is still excited by 
λ1, however this excited state is quenched by the photochromic unit and emission is not 
observed. C) The coumarin-dithienylethene system 2.
20 
 
The use of a tricomponent system (surface-switch-fluorophore) should allow for 
electrochemistry or fluorescence spectroscopy to be used as the secondary physical signal 
for non-destructive readout. In this chapter, two types of diarylethene derivatives with and 
without a fluorophore substituent are designed for immobilization on metal oxide surfaces, 
quartz, and ITO (Scheme 2). 
 
Scheme 2. Structures of dithienylethene switches used for surface immobilization.   
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3.3   Synthesis 
 
Dithienylethene switch 3 was synthesized following the strategy depicted in Scheme 3. We 
used the triethoxysilane moiety as the anchoring group in compound 3 for immobilization 
onto a surface. Compound 8 was used for comparative studies in solution. Treatment of 
compound 5 with t-butyllithium and subsequent reaction with tri-n-butylborate provide a 
boronic acid intermediate, which was reacted with 4-bromo-methylbenzoate in the presence 
of a palladium catalyst providing 6 in 51% yield. The alkaline hydrolysis of compound 6 
provided the acid functionalized switch 7 in 89% yield. Subsequently compound 7 was 
converted to compound 8 and 3 by using N-methylmorpholine (NMM) and 2-chloro-4,6-
dimethoxytriazine with the corresponding amine, n-propylamine and 3-aminopropyl-
triethoxysilane, respectively. 
 
 
Scheme 3. Synthetic route to compounds 8 and 3. 
 
For the synthesis of the coumarin-diarylethene switch 4 (Scheme 4), the intermediate 
compounds 9
21 and 12
22 were synthesized as reported previously. A Suzuki coupling was 
used between the diiodo compound 9 and 4-carboxylphenylboronic acid 10 to obtain mono 
acid 11 in 52% yield. The amide coupling of mono acid 11 with dimethoxycoumarin 12 
using 2-chloro-4,6-dimethyltriazine and NMM in CH2Cl2 yields compound 13 in 74% 
yield. A subsequent Suzuki reaction with 4-carboxylphenylboronic acid 10 yielded 
compound  14  in 38% yield. Finally, the desired compound 4 was prepared by amide  
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coupling of compound 14 to 3-aminopropyl-triethoxysilane in 50% yield. All compounds 
were purified by column chromatography and charactered with 
1H and 
13C NMR 
spectroscopy and (MALDI-TOF) mass spectrometry (see experimental section for details). 
 
 
Scheme 4. Synthetic route to compound 4 
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3.4   Electronic properties of diarylethenes 8 and 2 in solution 
 
Figure 8 shows the UV/Vis absorption spectra of the open and closed forms of 
diarylethenes 8 and 2
20. Dynamic interconversion between the open and closed state can be 
achieved by irradiation at selected wavelengths (λ = 365 nm for ring closing and λ > 500 
nm for ring opening). Although the open states show absorption in the UV region only, the 
closed states show intense broad absorptions centered between 450 and 600 nm. It should 
be noted that upon irradiation of the open form, with UV light, in all cases a 
photostationary state (PSS) is reached.  
Table 1 shows the absorption maxima for the open and closed forms of the diarylethenes, 
their corresponding molar absorptivity and the emission wavelength. As shown previously 
by Hurenkamp,
20 the fluorescence of the coumarin component was not quenched by the 
open form of the diarylethene 2o (Figure 9). However, a large reduction in the intensity of 
coumarin fluorescence (> 98%) was observed in the ring-closed form. This decrease in 
fluorescence is due to quenching by 2c, indicating that energy transfer to the switch is 
efficient.  
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Figure 8. UV/Vis absorption spectra of 8 and 2 in open and closed form at room 
temperature (typical concentrations are 10
-5 M).  
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Figure 9. Fluorescence spectra (λex=380 nm) of 2 in the open state (─), and PSS state (
….). 
Table 1 Absorption and emission spectra of the dithienylcyclopentene switches in the open 
state and at the PSS 365 nm.
20 
Compound  Absorbance     λmax / nm (10
3 ε / cm
-1 mM
-1) Emission
  λmax / nm 
8o
a 289(25.5)     - 
8c PSS
a 287(22.9)  372(9.3) 547(12.4)  - 
2o 287(29.3)  321(24.6)    420 
2c PSS  285(25.9)  353(17.0)  541(14.9) 
 
425 
a recorded in CH2Cl2 at RT. 
b recorded in toluene at RT 
3.5   Redox properties of diarylethenes 8 and 2 in solution 
 
The solution redox properties of compound 8 and 2 in both open and closed forms are 
detailed in Table 2. As expected for both 8o and 2o an irreversible oxidation process 
(Figure 10) is observed at ~ 1.1-1.2 V vs SCE, which results in efficient ring closure to 
yield 8c
2+ and 2c
2+, respectively. The dications 8c
2+ and 2c
2+ can then be reduced, first to 
8c
+ and 2c
+ at 0.78 V vs SCE and finally to 8c and 2c at 0.43 V vs SCE, respectively. The 
electrochemical properties of 8 and 2 are in agreement with those observed for their 
symmetric analogues.
3  
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Figure 10. Cyclic voltammetry in CH2Cl2/0.1 M TBAPF6 vs SCE of a) 8o (inset) 8c, b) 2o 
(inset) 2c scan rate 0.1 V s
-1. Glassy carbon working electrode and platinum wire counter 
electrode. 
Table 2 Redox properties of diarylethenes 8 and 2 in their open and closed forms 
  Open form E1/2 (V vs SCE)
a  Closed form E1/2 (V vs SCE)
a 
8  1.15 (irr)  0.78, 0.42 
2  1.18(irr) 0.78,  0.43 
a In CH2Cl2/ 0.1 M TBAPF6 vs SCE, (irr) = irreversible  
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3.6   Preparation and characterization of self-assembled 
monolayers of 3 and 4 on quartz slides. 
 
Scheme 5.  Representation of self-assembled monolayers of 3-Q and 4-Q on quartz 
surfaces. 
 
The self-assembled monolayers of 3 and 4 were first studied on quartz slides in order to 
investigate the photochemistry of these compounds when attached to the surface.  Prior to 
monolayer deposition, the quartz substrates were cleaned for 1 h in boiling ‘piranha’ 
(solution of 7:3 concentrated H2SO4 and 30% H2O2), rinsed several times with high-purity 
water and dried in a stream of dinitrogen. Formation of the self-assembled monolayers was 
achieved under an atmosphere of dinitrogen. The freshly cleaned substrate was immersed in 
a 1-5 mM solution of the adsorbate in dry toluene for 12 h at 80 
oC. After the substrate had 
been removed from the solution, it was rinsed with toluene, dichloromethane and ethanol to 
remove any physisorbed material, and dried in a stream of nitrogen. 
A first indication of the quality of the layers formed can be obtained from wettability 
studies (Table 3). Contact angle measurements were used to characterize the quartz slides at 
different stages. Cleaned quartz slides produced low water contact angles (5
o) consistent 
with that of clean glass reported previously.
23 Successive modifications with 3 and 4 caused 
the hydrophilicity of the surface to increase, leading to a water contact angle of 83
o for 3-Q 
and 71
o for 4-Q. These are similar to the contact angles of water observed on silicate 
surfaces derivatized with azobenzene based SAMs
24. 
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UV-vis absorption spectroscopy is a valuable technique in the characterization of 
functionalized self-assembled monolayers.
25 The use of quartz substrates that are 
transparent to 200 nm enables the detection of UV chromophoric groups. The UV-vis 
absorption spectrum of 3-Q and 4-Q clearly shows the presence of the diarylethene switch 
on the surface (Figure 11) with the characteristic absorption maxima at 287 and 290 nm, 
respectively. In addition to confirming the surface attachment of a chromophore through its 
characteristic absorption bands, UV-vis absorption spectroscopy can also be used in a 
quantitative manner. The Lambert -Beer law relates the absorption (A) to the surface 
density of the chromophores (Γ) as given in eq. 1.
25 The value of the molar absorptivity 
(ε) of the chromophore can be determined from solution experiments. Usually, the molar 
absorptivity of a chromophore in a self-assembled monolayer is not known, hence values 
obtained from solution studies are used. By using the molar absorptivity obtained from  
solution, the surface densities of diarylethene 3-Q and 4-Q were estimated as 4.1 x 10
-10 
mol/cm
2 and 4.6 x 10
-10 mol/cm
2, respectively (Table 3). The high packing of diarylethene 
3 and 4 on the quartz surface is due to the formation of multilayers through pre-
polymerization of triethoxysilane anchoring group before anchoring to the surface.
26 
A = ε
. Γ                                       eq. 1. 
Table 3. Wettability and surface density of self-assembled monolayers on quartz. 
  Sessile drop contact angle(
o)
a Surface  density
b 
Bare quartz  5  - 
3-Q 83  4.1x10
-10 mol/cm
2 
C8H17Si(OEt)3 102  - 
4-Q 71  4.6x10
-10 mol/cm
2 
4/C8H17Si(OEt)3-Q 105 1.5x10
-9 mol/cm
2 
a Sessile drop contact angle determined with water as the probing liquid. 
b Surface density determined 
by UV/Vis spectroscopy. 
3.6.1   Photochemical and fluorescence switching of SAMs on quartz 
 
Figure 11 shows the absorption spectra of 3o-Q and 4o-Q. Upon irradiation with UV light 
(365 nm), the absorption band in the visible region increases and a new maximum is found 
at 544 and 550 nm, respectively, indicating the formation of the closed form. 3-Q and 4-Q 
show similar absorption spectra with respect to those observed in solution (Table 4). 
Moreover, photochemical switching can be performed over several open/closing cycles as 
shown in Figure 11b (inset). However, compared to the unbound molecules, the ring 
closing reaction is less efficient. A number of factors could contribute to this phenomenon 
including a reduced effective interaction with light due to the restricted motion
27 in a  
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packed monolayer, which is possible due to the high surface density of 3-Q and 4-Q or self 
-quenching of the chromophore in the monolayers. 
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Figure 11. UV-visible absorption spectra of a) 3-Q and b) 4-Q upon irradiation with UV 
light (365 nm), the inset shows repetitive photochemical switching when irradiation at 365 
nm and > 500 nm, respectively. 
Table 4. Absorption and emission spectra data for the dithienylethene switches in the open 
state and at the PSS on quartz surfaces 
Compound  Absorbance     λmax / nm  Emission
  λmax / nm 
3o-Q 287     - 
3c-Q PSS  287  375 544  - 
4o-Q 290  328    417 
4c-Q PSS  294    550 426
a 
a The emission maximum determined in the mix-monolayer condition of 4c/C8H17-Q 
The emission spectrum of 4o-Q is shown in Figure 12a. When excited at 360 nm only the 
open form was found to be fluorescent at 417 nm which is in agreement with measurements 
in solution (vide supra). However, when 4o-Q was irradiated with UV light to obtain a 4c-
Q, quenching of the fluorescence was not observed (Figure 12b).   
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Figure 12. a) Fluorescence spectra (λex = 360 nm) of 4o-Q in the open state (▬) and bare 
quartz as a blank (
…); b) Fluorescence spectra (λex = 360 nm) of 4c-Q after irradiation with 
UV light. 
 
The high intrinsic sensitivity of fluorescence spectroscopy
28 makes it a valuable tool for the 
study of self-assembled monolayers. However, intermolecular interactions can influence the 
fluorescence properties of surface immobilized fluorophores,
29 and the spectrum can 
provide information regarding the structure in the monolayers. In the present case, the 
fluorescence of 4o-Q  might be affected by a high packing density of the fluorophore 
(coumarin), which opens the possibility for self-quenching between the coumarin moieties 
in the 4o-Q. This is consistent with the low PSS of the diarylethene 4c on quartz observed 
upon switching compared to that observed in solution. The low photostationary state of the 
closed form is attributed to the close packing so there is not enough space for 
photoisomerization in well-packed molecular film.
30 Mixed monolayers of diarylethene 4 
and octyl-triethoxysilane were used to separate the individual diarylethene molecules in the 
SAM layer. The same procedure as described above was used for the preparation of SAMs, 
and the substrates were immersed in 1:10 ratio of compound 4 and C8H17Si(OEt)3. The 
contact angle showed an increase in the hydrophobicity of the surface (105
o) and the 
surface density is estimated to be 1.5 x 10
-9 mol/cm
2 which is higher than that expected for 
the mixed SAMs as shown in Table 3 (vide supra). This result can be explained by the 
polymerization of octyl-triethoxysilane prior to anchoring onto the surface in the presence 
of traces of H2O.
26 
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3.6.2   Photochemical switching of mixed-monolayer of 4/C8H17-Q 
 
Figure 13a shows the UV-vis absorption of the mixed monolayer 4o/C8H17-Q. Upon 
irradiation with UV light, the ring-closing isomer 4c/C8H17-Q was observed to have a 
higher PSS than that of 4o monolayer. This indicates that the photochromism of 4o/C8H17-
Q in a mixed monolayer system is more efficient than that of 4o-Q. The fluorescence 
maximum of 4o/C8H17-Q was observed at 417 nm (excitation at 360 nm). Coumarin 
fluorescence was quenched only partially by closing the dithienylethene 4c with UV 
irradiation (Figure 13b). In addition, the fluorescence of 4/C8H17-Q can be modulated 
several times by photochemically switching between the open and closed forms as shown 
in Figure 13b (inset). These results suggest that the self-quenching between the coumarin 
moiety on dithienylethene 4 in the SAMs can be avoided by using a mixed monolayer 
method. Although the mixed monolayer of 4/C8H17Si(OEt)3 can undergo fluorescence 
switching, it is not the optimal system to study the fluorescence switching on a surface due 
to the low PSS in both absorption and fluorescence spectra upon illumination compared to 
that observed in solution. Therefore, further investigation of the photochromic switching of 
surface tethered 4 is still required.  
From these results, it is evident that SAMs of dithienylethenes 3 and 4 can be immobilized 
on a quartz surface and their functionality (photochemical properties) observed in solution 
is still retained once immobilized on the surface. In the following sections, the preparation 
of SAMs on indium-tin oxide (ITO) surfaces and their photo- and electrochemical 
properties to achieve the Read/Write/Erase system will be discussed. 
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Figure 13. a) The UV-vis difference spectrum obtained by subtraction of  the spectrum of 
4c/C8H17-Q at PSS from the spectrum of 4o/C8H17-Q upon the PSS was obtained by 
irradiation with 312 nm light, b) Fluorescence spectra of the 4o/C8H17-Q and 4c/C8H17-Q 
(excitation at 360 nm), (inset) repetitive fluorescence switching during alternating 
irradiation at 312 nm and at 500 nm.   
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3.7   Preparation and characterization of self-assembled 
monolayers of 3 and 4 on ITO 
 
Prior to monolayer deposition, ITO substrates were cleaned by sonication, first in acetone, 
then in dichloromethane, and finally in deionized water. Subsequently, each slide was 
immersed in a solution of 1:1:5 30% H2O2/NH4OH (30%)/H2O) for 1 h at 70 
oC. The slides 
were washed with a large amount of water and dried in an oven at 100 
oC for 4 h. The 
clean, hydrophilic slides were then stored in a desiccator for maximum of 24 h until further 
use.
31 The monolayers were prepared by immersing the ITO substrates in a 0.5-5 mM 
solution of 3 and 4 in toluene which was subsequently heated at reflux overnight under N2. 
The silanized ITO (3-ITO and 4-ITO) samples were then washed with HPLC grade toluene, 
methanol, deionized water and isopropanol to remove the physiosorped material and 
subsequently dried in a stream of N2. 
Table 5. Wettability and surface coverage of self-assembled monolayers on ITO surfaces. 
  Sessile drop contact angle(
o)
a Surface  coverage
b 
Bare ITO  28  - 
3-ITO  80  5.5 x 10
-11mol/cm
2 
4-ITO 68  n.d
c 
 
a Sessile drop contact angle determined with water as the probing liquid. 
b Surface density 
determined by coulometric analysis. 
cNot determined due to the instability of the monolayer on the 
ITO surface. 
 
In wettability studies (Table 5), the water contact angle of bare ITO yielded a value of 28
o, 
which is comparable to those reported elsewhere.
26  The water contact angles on 3-ITO and 
4-ITO samples were determined to be 80
o  and 68
o, respectively. The increasing 
hydrophobicity indicates modification of the ITO substrate.  
3.7.1   Cyclic voltammetry of 3-ITO 
Cyclic voltammetry of 3o-ITO in 0.1M TABPF6/CH2Cl2 shows an irreversible oxidation at 
1.1 V {3o-ITO→3c
2+-ITO}, which gives rise to two redox waves at 0.73 and 0.46 V vs 
SCE {3c
2+-ITO→3c
1+-ITO→3c-ITO}  as depicted in Figure 14. Additionally, the cyclic 
voltammetry can be used to estimate the surface coverage
32 of the diarylethene on the ITO 
as shown in eq 2. 
                                                              Γ = N/A                                                        eq 2  
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Γ  is surface coverage, N is number of molecules on ITO and A is the surface area of the 
electrode. The integral of the current peak (first redox wave at 0.46 V) gives the charge (Q) 
accumulated by the molecular layer on the electrode surface and the capacitance of the 
electrodes. Assuming that one electron corresponds to one molecule, and neglecting the 
capacitance, one can calculate the number of molecules on the ITO electrode as shown in 
eq 3.
32 
                                                           N = Q/nF                                                         eq 3 
Herein n is the number of electrons involved in the reaction, and F is the Faraday constant. 
Coulometric analysis of the redox wave of 3-ITO yields a surface density of the 
diarylethene of 5.5x10
-11 mol/cm
2. The surface density of 3-ITO is similar to those 
observed on ITO immobilized SAMs of spiropyran
33 and the roughness factor of 3o-ITO is 
estimated as 1.2 by atomic force microscopy (vide supra).  
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Figure 14. Cyclic voltammetry of a) 8o (inset cyclic voltammetry of 8c), b) 3o-ITO at 0.1 
V s-
1 in CH2Cl2 (0.1 M TBAPF6). 
 
Essentially the cyclic voltammetry of 3-ITO is equivalent to that observed for 8 in solution, 
however, as is expected for a modified surface the intensity of the Faradic current is 
directly dependent on the scan rate. Figure 15 shows a linear increase in current with 
increase of the potential scan rate (0.5-10 V s
-1), a plot of peak current against the scan rate 
(Figure 15b) was linear (R
2 = 0.9995) thus indicating that the diarylethene is present as a 
surface confined redox system.
34  
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Figure 15. a) Representative cyclic voltammetric responses, at different scan rates of a 
SAM of a diarylethene on ITO. The voltage scan rate was varied from 0.5, 0.75, 1, 2, 5, 10 
V s
-1. b) Linear correlation of the peak current (A) versus the scan rate (V s
-1). 
3.7.2   AFM image of 3o-ITO 
 
The film morphology was studied by atomic force microscopy (Dimension, Digital 
Instruments). The characterization was performed under ambient conditions by tapping 
mode AFM on several samples of 3o-ITO and with different tips. The root mean square 
(RMS) surface roughness of the surface of 3o-ITO  as measured by atomic force 
microscopy (AFM) on areas typically of 1x1 μm
2 was 12 nm. For Figure 16a, the effective 
area was calculated to be 0.7764 μm
2 by WsXM software, which corresponds to a 
roughness factor of 1.2. AFM phase contrast images have been shown to be sensitive to 
material surface properties, such as chemical composition. Figure 16b is the phase contrast 
image corresponding to the topography shown on Figure 16a. It shows a different contrast 
than that in Figure 16a which corresponds to uncovered or monolayer-covered ITO areas.  
The phase contrast reveals where ITO is covered by the monolayer: the organic monolayer 
covers small domains which are distributed over the whole surface, as reported by others.
35  
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Figure 16. AFM image of 3o-ITO. Scale: 0.8x0.8 μm
2. a) Topographic image, b) Phase 
contrast image. 
3.7.3   Cyclic voltammetry of 4-ITO 
 
Cyclic voltammetry of 4o-ITO in 0.1M TBAPF6/CH2Cl2 shows an irreversible oxidation 
wave at 1.3 V {4o-ITO→4c
2+-ITO}, which gives rise to two redox waves at 0.80 and 0.50 
V vs SCE {4c
2+-ITO→4c
1+-ITO→4c-ITO}  as depicted in Figure 17a. However, a 
significant decrease in signal intensity for 4-ITO was observed upon repetitive cycling 
between 0.0 and 1.0 V, and the cyclic voltammogram of 4-ITO is not recovered after 
scanning between 0.0 to 1.3 V (Figure 17b and c, respectively). The loss of signal intensity 
is due to the instability of 4 on the ITO surface. In addition the fluorescence swiching of 4 
by using electrochemistry as the external stimulus could not be employed in these systems 
due to the overlap of the absorption spectrum of the coumarin (~ 420 nm) and ITO (~ 400 
nm). In contrast to 4, self-assembled monolayers of 3 can be prepared reproducibly on ITO, 
indicating that the coumarin moiety of 4 may affect the stability of the molecule on the 
surface. From these results, a coumarin-dithienylethene switch is not a suitable system to 
study its photo- electrochemical switching on the surface with either quartz or ITO. Hence a 
new design of the dithienylethene switch-fluorophore combination would be required for 
further investigations of the fluorescence switching on ITO by electrochemistry (i.e. in a 
switch-perylene
20 system the fluorescence switching at 600-700 nm can be modulated in 
solution). The next section will only discuss the photo- and electrochemical properties of 3 
on ITO electrodes.  
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Figure 17.  Cyclic voltammetry of a) 4o-ITO in CH2Cl2, b) repetitive cycles between 0.0 – 
1.0 V, and c) after repetitive cycles between 0.0 to 1.0 V, the Faradic current of 4o-ITO is 
not observed in 0.1M TBAPF6 at 0.5 V s
-1. 
3.8   Electrochemical and photochemical switching of 3-ITO 
 
The cyclic voltammetry of the 3o-ITO shows no Faradic processes between -0.2 to 0.6 V 
i.e. no process attributable to the closed state isomer. Irradiation of 3o-ITO results in 
photocyclization of 3o-ITO to 3c-ITO with the appearance of a reversible redox wave at 
0.45 V, i.e. the 1
st oxidation of 3c-ITO (Figure 18). A complete disappearance of the redox 
process at 0.45 V, i.e. restoration of 3o-ITO was observed after irradiation of the electrode 
at  λ > 420 nm for 30 min. This process can be continued over several cycles of 
photochemical switching of the monolayer between states 3o-ITO and 3c-ITO, however, it 
is apparent that with each cycle the signal in the closed state diminishes considerably as 
shown in the inset of Figure 18. Moreover, the water contact angle of the surface decreases  
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from 80
o before irradiation to 58
o after four cycles of photochemical switching. The 
decrease in the intensity of the redox wave of 3c-ITO over several cycles can be attributed 
to the instability of the anchoring silyl group
36 of the dithienylethene switch on the surface 
due to the liberation of F
- from the supporting electrolyte, rather than an inherent 
electrochemical instability of 3c-ITO (vide infra). 
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Figure 18. Cyclic voltammetry of a) 3o-ITO and b) 3c-ITO after irradiation at 312 nm for 5 
min. Inset: Repetitive photochemical switching of 3o-ITO to 3c-ITO in 0.1 M 
TBAPF6/CH2Cl2 at scan rate 2 Vs
-1. 
 
Indeed, this instability can be circumvented by using TBA(CF3SO4) as the supporting 
electrolyte. The first redox wave of the closed-stated could be used to read the state (closed 
or open) of the switch; the signal of the open and closed form was observed upon 
irradiation with UV and visible light as shown in Figure 19. In addition, the decrease in 
intensity of the 1
st oxidation wave of 3c-ITO was not observed over four photochemical 
‘close-open-close’ cycles (Figure 20). Furthermore, the water contact angle of the ITO 
glass after the four cycles with TBA(CF3SO4) as electrolyte showed only a modest change 
from 80
o to 70
o. Hence, under these conditions SAMs of 3-ITO show satisfactory stability.  
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Figure 19. Cyclic voltammetry of a) 3o-ITO and b) 3c-ITO after irradiation at 312 nm for 5 
min. Inset: Repetitive photochemical switching of 3o-ITO to 3c-ITO in 0.1 M 
TBA(CF3SO4)/CH2Cl2, scan rate 2 V s
-1. 
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Figure 20. Photochemical switching of 3o-ITO, upon irradiation at 312 nm for 5 min, and 
subsequently with >400 nm (20 min). a) 3o-ITO, b) after 312 nm irradiation, c) after >400 
nm irradiation, d) after 312 nm irradiation, e) after >400 nm irradiation f) after 312 nm 
irradiation, in 0.1 M TBA(CF3SO4)/CH2Cl2 at scan rate 2 V s
-1.  
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3.9   Electrochemical conversion of 3c-ITO to 3o-ITO (oxidative 
ring-opening) 
 
Ring opening (oxidatively) of 3c-ITO is a thermodynamically disfavoured process.
3,8 
However, it can occur through disproportionation of the monocation of the closed form 
3c
1+-ITO to the neutral state e.g. 3c-ITO and the dication 3c
2+-ITO (i). The dication 3c
2+-
ITO is in equilibrium with 3o
2+-ITO albeit with the closed form highly favoured (ii). In 
addition the dication 3c
2+-ITO and 3o
2+-ITO will undergo rapid electrochemical reduction 
to the monocation 3c
1+-ITO and neutral 3o-ITO compounds, respectively, below 0.6 V. 
Although statistically unlikely, once ring opening does occur it is irreversible under the 
limited scanning range of 0-0.5 V. Hence, at high scan rates (>1 V s
-1) the extent of 
disproportionation of the monocation generated is low and the rapid reduction of the 
dication avoids ring opening. At slower scan rates the equilibrium is driven towards the 
open form 3o-ITO (iii) and overall ring open will be observed as shown in Scheme 6 
 
i) 2(3c+-ITO)3 c-ITO + 3c2+-ITO
ii) 3c2+-ITO 3o2+-ITO
iii) 3o2+-ITO+3c-ITO 3o-ITO+3c2+-ITO  
Scheme 6. Electrochemical processes leading to electrochemical ring closing and ring 
opening of 3c-ITO/3o-ITO, upon repetitive cycles between 0.0 to 0.65 V vs SCE 
 
Figure 21 shows the oxidative ring-opening of 3c-ITO to 3o-ITO. The loss of signal 
intensity for 3c-ITO (Figure 21a) was observed after repetitive cyclic voltammetry between 
0.0-0.6 V at 0.1 V s
-1 due to the formation of 3o-ITO (Figure 21b). Indeed a complete 
recovery of the redox wave of 3c-ITO is observed after irradiation with UV light (Figure 
21c).   
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Figure 21. Cyclic voltammetry of a) 3c-ITO (formed from 3o-ITO by irradiation with 312 
nm light); b) 3o-ITO (after oxidative ring opening achieved by repetitive cyclic 
voltammetry between 0.0 and 0.6 V at 0.1 V s
-1) in TBA(CF3SO4)/CH2Cl2 at scan 0.5 V s
-1 
and c) after irradiation of oxidatively opened 3o-ITO at 312 nm to 3c-ITO in 0.1 M 
TBA(CF3SO4) / CH2Cl2 at a scan rate of 2 V s
-1. 
3.10   Conclusions 
The electrochemical/photochemical properties of diarylethene modified ITO electrodes reveal 
a robust system, where redox and/or optical switching allows for Write-Read-Erase function 
ability. The open form 3o-ITO can act as an information recording interface. The information 
is ‘written’ either photochemically or electrochemically (i.e. to produce the closed form 3c-
ITO) and the information stored can be erased subsequently by either photochemical or 
electrochemical conversion from 3c-ITO to 3o-ITO. The information is ‘read out’ non-
destructively by monitoring the reversible 1
st oxidation of the closed form electrochemically 
in the potential range of 0.0 to 0.5 V. In the same potential window the open form 3o-ITO is 
electrochemically inert. Moreover this results demonstrate that robust immobilisation of 
monolayers of dithienylethene switches can be achieved on non-metallic interfaces, without 
loss of function. The ability to drive ring-opening and closing reactions oxidatively provides 
increased functionality to these photochromic surfaces compared with theirs solution behavior 
(Scheme 6).  
 
Figure 22. A Write/Read/Erase information system based on dithienylethene on ITO. 
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In summary the immobilised diarylethene switch 3 can undergo multiple ring-opening and 
ring-closing reactions both electrochemically and photochemically and, importantly, the state 
of the modifed surface can be read ‘non-destructively’ by electrochemistry (Figure 22). 
The tricomponent system (surface (ITO)-switch-coumarin) is not a suitable system to allow 
the use of electrochemistry and fluorescence spectroscopy as secondary physical signals for 
non-destructive readout as is evident from the instability observed for 4 on ITO surfaces. 
However, the optical switching of mixed monolayers of 4/C8H17Si(OEt)3-Q can be used to 
control fluorescence switching on quartz surfaces.   
The present system for electrochemical control of fluorescence switching of dithienylethene 
4 on an ITO surface was not successful and optimal conditions for surface modification  
requires the stability of monolayer on surface to be improve and for the PSS of molecules 
in the monolayer to be increased. For example, new anchoring functional groups (e.g. via 
click chemistry) or the longer alkyl spacers between the dithienylethene and surface would 
allow for an increasing the space between the molecules which could solve those problems. 
A new design of a dithienylethene switch-fluorophore combination would be required for 
further investigation of the photoswitching fluorescence on surfaces for instance with 
perylenes attached. 
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3.12   Experimental Section 
For information regarding synthesis and characterization and general experimental details 
see Chapter 2 
UV/Vis spectra were recorded (in solution or for polymer modified ITO slides) using a 
JASCO 570 UV-Vis-NIR spectrometer. Fluorescence spectra were recorded using a 
JASCO F7200 fluorimeter and a SPF-500C spectrofluorimeter manufactured by SLM 
Aminco. Contact angles were measured on a Krüss Drop Shape Analysis System DSA 10 
Mk2. Electrochemical measurements were performed using a Model 630B or 760C 
Electrochemical Workstation (CH Instruments). Analyte concentrations were typically 0.5 
to 2 mM in anhydrous CH2Cl2 containing 0.1 M tetra-butylammonium 
hexafluorophosphate (TBAPF6) or 0.1 M (TBACF3SO3). A Teflon shrouded glassy carbon, 
gold or platinum microelectrode, and indium tin oxide (ITO) coated glass (Präzisions Glass 
& Optik GmbH, Germany) was employed as a working electrode (CH Instruments), a Pt 
wire auxiliary electrode and Ag/AgCl ion quasi reference electrode or a SCE electrode were 
employed (calibrated externally using a 0.1 mM solution of ferrocene, all potentials 
reported are relative to SCE). Cyclic voltammograms were obtained at a sweep rate 
between 100 mV and 5000 mV/s.   
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Methyl-4-(5-methyl-4-(2-(2-methyl-5-phenylthiophen-3-yl)cyclopent-1-enyl)thiophen-
2-yl)benzoate (6).  Compound 5 (0.87 g, 2.36 mmol) in THF (40 ml) was treated with t-
BuLi (2.36 ml, 1.5 M in n-pentane, 3.54 mmol) under a N2 atmosphere. After 1 h, B(OBu)3 
(0.95 ml, 3.54 mmol) was added and the mixture was stirred for 1 h at room temperature. A 
separate flask was charged with methyl 4-bromobenzoate (0.76 g, 3.54 mmol), [Pd(PPh3)4] 
(81 mg, 0.07 mmol), THF (50 ml), aqueous Na2CO3 (2 M, 10 ml) and ethylene glycol (10 
drops). The mixture was heated to 80 
oC and the prepared boronic ester was added slowly. 
The reaction mixture was heated at reflux overnight, cooled to room temperature, diluted 
with diethyl ether (50 ml) and washed with H2O (50 ml). The aqueous layer was extracted 
with diethyl ether (50 ml). The combined organic layers were dried over Na2SO4. After 
evaporation of the solvent, the product was purified by column chromatography on silica 
gel (heptane) to afford 6 as a viscous oil (0.56 g, 51%). 
1H NMR (400 MHz, CDCl3) δ 2.00 
(s, 3H), 2.02 (s, 3H), 2.10 (m, 2H), 2.85 (t, J = 7.34, 7.69 Hz, 4H), 3.91 (s, 3H), 7.03 (s, 
1H), 7.15 (s, 1H), 7.22 (t, J = 7.33, 7.34 Hz, 1H), 7.33 (t, J = 7.33, 8.07 Hz, 2H), 7.50 (d, J 
= 7.33 Hz, 2H), 7.54 (d, J = 8.43 Hz, 2H), 7.99 (d, J = 8.80 Hz, 2H); 
13C NMR (100 MHz, 
CDCl3) δ 14.4 (q), 14.5 (q), 23.0 (t), 38.4 (t), 38.5 (t), 52.0 (q), 123.9 (d), 124.8 (d), 125.3 
(d), 125.5 (d), 126.9 (d), 128.1 (s), 128.8 (d), 130.2 (d), 134.3 (s), 134.4 (s), 134.5 (s), 135.1 
(s), 136.3 (s), 136.5 (s), 137.1 (s), 138.3 (s), 138.7 (s), 139.8 (s), 166.8 (s). EI-MS (m/z): 
470 (M
+); HRMS calcd for C29H26O2S2 470.1374, found 470.1399. 
4-(5-Methyl-4-(2-(2-methyl-5-phenylthiophen-3-yl)cyclopent-1-enyl)thiophen-2-
yl)benzoic acid (7). Compound  6 (0.56 g, 1.21 mmol) was added to 50 mL of 
MeOH/H2O/THF (1:1:3 v/v/v). The suspension was stirred at room temperature for 10 h. 
The mixture was acidified carefully by dropwise addition of 2 M aq. HCl. The aqueous 
layer was extracted with dichloromethane (3x50 ml). The combined organic layer was 
washed with sat. aq. NaCl, dried over Na2SO4, and  the solvent removed in vacuo. The 
product was recrystallized from dichloromethane/methanol, to yield compound 7  as a 
brown solid (0.49 g, 89%). 
1H NMR (400 MHz, CDCl3) δ 2.00 (s, 3H), 2.03 (s, 3H), 2.10 
(m, 2H), 2.86 (t, J = 7.34, 7.33 Hz, 4H), 7.03 (s, 1H), 7.18 (s, 1H), 7.23 (m, 1H), 7.33 (t, J = 
7.70, 7.33 Hz, 2H), 7.50 (d, J = 7.70 Hz, 2H), 7.58 (d, J = 8.43 Hz, 2H), 8.06 (d, J = 8.70 
Hz, 2H); 
13C NMR (100 MHz, CDCl3) δ 14.4 (q), 14.6 (q), 23.0 (t), 38.4 (t), 38.5 (t), 123.9 
(d), 124.9 (d), 125.3 (d), 125.8 (d), 127.0 (d), 127.1 (s), 128.8 (d), 130.8 (d), 134.2 (s), 
134.4 (s), 134.5 (s), 135.2 (s), 136.5 (s), 136.7 (s), 137.2 (s), 138.1 (s), 139.6 (s), 139.8 (s), 
171.4 (s). EI-MS (m/z): 456 (M
+); HRMS calcd. for C28H24O2S2 456.1217, found 456.1201. 
4-(5-Methyl-4-(2-(2-methyl-5-phenylthiophen-3-yl)cyclopent-1-enyl)thiophen-2-yl)-N-
propylbenzamide (8). Compound 7 (100 mg, 0.22 mmol) was suspended in CH2Cl2 (5 ml) 
and the mixture cooled to 0 
oC. Subsequently N-methylmorpholine (30 μl, 0.22 mmol) was 
added and the compound dissolved. Next, 2-chloro-4,6-dimethoxytriazine (46 mg, 0.22 
mmol) was added. The reaction mixture was stirred for 2 h at 0 
oC, and a second equivalent 
of N-methylmorpholine (30 μl, 0.22 mmol) was added followed by propylamine (43 μl, 
0.44 mmol). Stirring was continued for 1 h at 0 
oC, and subsequently overnight at room 
temperature. CH2Cl2 (50 ml) was added and the solution was washed with, respectively, 
1M aq. HCl (2 x 20 ml), brine (1 x 20 ml), saturated aqueous bicarbonate solution (1x20 
ml) and H2O (1x20 ml). The organic phase was dried over Na2SO4 and after evaporation of  
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the solvent a solid was obtained. After purification by column chromatography 
(EtOAc/heptane = 5:95) a solid compound was obtained (48 mg, 43%). 
1H NMR (400 
MHz, CDCl3) δ 0.98 (t, J = 7.33, 7.70 Hz, 3H), 1.64 (m, 2H), 2.00 (s, 3H), 2.02 (s, 3H), 
2.09 (m, 2H), 2.85 (t, J = 7.70, 7.33 Hz, 4H), 3.41 (m, 2H), 6.15 (br, 1H), 7.03 (s, 1H), 7.10 
(s, 1H), 7.22 (m, 1H), 7.33 (t, J = 7.33, 7.70 Hz, 2H), 7.50 (d, J = 6.97 Hz, 2H), 7.53 (d, J = 
8.43 Hz, 2H), 7.72 (d, J = 8.43 Hz, 2H); 
13C NMR (100 MHz, CDCl3) δ 11.4 (q), 14.0 (q), 
14.5 (q), 22.9 (t), 23.0 (t), 38.4 (t), 38.5 (t), 41.7 (t), 123.9 (d), 125.0 (d), 125.1 (d), 125.3 
(d), 126.9 (d), 127.4 (d), 128.4 (d), 128.7 (d), 131.7 (d), 132.8 (s), 134.3 (s), 134.4 (s), 
134.4 (s), 135.0 (s), 135.8 (s), 136.5 (s), 137.0 (s), 137.3 (s), 138.3 (s), 139.7 (s), 166.9 (s).  
EI-MS (m/z): 497 (M
+); HRMS calcd for C31H31NOS2 497.1846, found 497.1843. 
4-(5-Methyl-4-(2-(2-methyl-5-phenylthiophen-3-yl)cyclopent-1-enyl)thiophen-2-yl)-N-
(2-(triethoxysilyl)ethyl)benzamide (3). Compound 7 (100 mg, 0.22 mmol) was suspended 
in CH2Cl2 (5 ml) and the mixture was cooled to 0 
oC. Subsequently N-methylmorpholine 
(30  μl, 0.22 mmol) was added and the compound dissolved. Then 2-chloro-4,6-
dimethoxytriazine (46 mg, 0.22 mmol) was added. The reaction mixture was stirred for 2 h 
at 0 
oC, and then another equivalent of N-methylmorpholine (30 μl, 0.22 mmol) was added 
followed by n-propylamine (43 μl, 0.44 mmol). Stirring was continued for 1 h at 0 
oC, and 
subsequently overnight at room temperature. The reaction mixture was filtered and the 
solvent was removed in vacuo. After purification by flash column chromatography (1:1 
EtOAc : n-heptane) a viscous oil was obtained (0.11 g, 75%). 
1H NMR (400 MHz, CDCl3) 
δ 0.70 (m, 2H), 1.22 (m, 9H), 1.75 (m, 2H), 1.99 (s, 3H), 2.00 (s, 3H), 2.08 (m, 2H), 2.86 
(m, 4H), 3.45 (m, 2H), 3.83 (m, 6H), 6.51 (br, 1H), 7.03 (s, 1H), 7.10 (s, 1H), 7.23 (m, 1H), 
7.32 (t, J=7.33, 7.79 Hz, 2H), 7.51 (m, 4H), 7.73 (d, J=8.43 Hz, 2H); 
13C NMR (100 MHz, 
CDCl3) δ 7.78 (t), 14.4 (q), 14.5 (q), 18.2 (q), 22.7 (t), 22.8 (t), 38.4 (t), 38.4 (t), 42.2 (t), 
58.5 (t), 123.9 (d), 125.0 (d), 125.1 (d), 125.2 (d), 127.0 (d), 127.4 (d), 128.5 (d), 128.7 (d), 
131.6 (d), 132.8 (s), 134.3 (s), 134.4 (s), 134.4 (s), 135.0 (s), 135.8 (s), 136.5 (s), 137. (s), 
137.2 (s), 138.4 (s), 139.7 (s), 166.9 (s). EI-MS (m/z): 659 (M
+); HRMS calcd for 
C34H45NO4S2Si 659.2559, found 659.2566. 
4-(4-(2-(5-Iodo-2-methylthiophen-3-yl)cyclopent-1-enyl)-5-methylthiophen-2-
yl)benzoic acid (11).  An oven-dried round-bottomed flask and condenser were placed 
under a nitrogen atmosphere and charged with 4-carboxylphenylboronic acid 10 (0.3 g, 1.8 
mmol), compound 9  (1.85 g, 3.6 mmol), cesium carbonate (1.17 g, 3.6 mmol), and 
tetrakis(triphenylphosphine)palladium (60 mg, 51 μmol). The flask was evacuated and re-
filled with nitrogen three times, then toluene (150 ml) and methanol (150 ml) were added 
and the reaction mixture was heated at reflux for 18 h. When the reaction was completed, 
inorganic solids were removed by filtration through Celite and followed by washing with 
several portions of dichloromethane, and the solvent was removed by evaporation. The 
residue was subjected to chromatography on silica gel (ethyl acetate/n-heptane, 1:9) 
yielding product 11 as amorphous solid. (0.48 g, 52%). 
1H-NMR (400 MHz, CDCl3) δ 1.94 
(s, 3H), 2.00 (s, 3H), 2.09 (m, 2H), 2.84 (m, 4H), 6.96 (s, 1H), 7.13 (s, 1H), 7.56 (d, J= 8.43 
Hz, 2H), 8.08 (d, J= 8.43 Hz, 2H); 
13C-NMR (100 MHz, CDCl3) δ 14.2 (q), 14.5 (q), 22.9 
(t), 23.0 (t), 38.4 (t), 68.3 (s) 124.8 (d), 124.8 (d), 125.6 (d), 127.3 (s), 130.9 (d), 133.7 (s),  
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134.8 (s), 136.6 (s), 136.8 (s), 137.5 (d), 137.6 (s), 138.3 (s), 139.4 (s), 140.6 (s), 172.0 (s). 
EI-MS (m/z): 506 (M
+); HRMS (m/z), 505.9852, calcd 505.9871 
4-(2-(4-(4-(4-(2-(5-Iodo-2-methylthiophen-3-yl)cyclopent-1-enyl)-5-methylthiophen-2-
yl)benzoyl)piperazin-1-yl)-2-oxoethyl)-6,7-dimethoxy-2H-chromen-2-one (13) 
Compound 11 (0.5 g, 1 mmol) was suspended in CH2Cl2 (20 ml) and placed in an ice bath. 
Subsequently N-methylmorpholine (0.10 ml, 1 mmol) was added and the solid material 
dissolved. Then 2-chloro-4,6-dimethoxytriazine (0.173 g, 1 mmol) was added. The reaction 
mixture was  stirred for 2 h at 0 
oC, and another equivalent of N-methylmorpholine (0.1 ml, 
1 mmol) was added followed by compound 12 (0.328 g, 1 mmol). Stirring was continued 
for 1 h at 0 
oC, and subsequently overnight at room temperature. CH2Cl2 (50 ml) was added 
and the solution was washed with, respectively, 1 M aq. HCl (2x30 ml), brine (1x30 ml), 
saturated aqueous sodium bicarbonate solution (1x30 ml) and H2O (1x20 ml). The organic 
phase was dried (Na2SO4), and the solvent was removed by evaporation. After purification 
by column chromatography (CH2Cl2/MeOH = 100:2) compound 13 was obtained as a solid 
(0.60 g, 74% yield). m.p. = 105-109 
oC, 
1H-NMR (400 MHz, CDCl3) δ 1.90 (s, 3H), 1.97 
(s, 3H), 2.04 (m, 2H), 2.8 (m, 4H), 3.6 (br, 8H), 3.85 (s, 2H), 3.90 (s, 3H), 3.93 (s, 3H), 
6.16 (s, 1H), 6.83 (s, 1H), 6.91 (s, 1H), 7.00 (s, 1H), 7.06 (s, 1H), 7.37 (dd, J= 8.06, 4.4 Hz, 
2H), 7.50 (dd, J= 8.06, 2.94 Hz, 2H); 
13C-NMR (100 MHz, CDCl3) δ  14.1 (q), 14.4 (q), 
22.8 (t), 38.3 (t), 38.3 (t), 56.3 (q), 56.4 (q), 68.1 (s), 100.2 (d), 105.3 (d), 111.3 (s), 112.9 
(d), 124.8 (d), 125.2 (d), 127.9 (d), 132.8 (s), 133.6 (s), 134.9 (s), 135.7 (s), 136.3 (s), 136.6 
(s), 137.5 (d), 137.6 (s), 138.3 (s), 140.5 (s), 146.3 (s), 149.1 (s), 149.7 (s), 153.1 (s), 160.8 
(s), 166.7 (s), 170.3 (s). MS (Maldi-tof) 842.9 (M+Na) C39H37IN2O6S2 calcd. C 57.07; H 
4.54; N 3.41; S 7.81 found C 57.30; H 4.79; N 3.35; S 7.43 
4-(4-(2-(5-(4-(4-(2-(6,7-Dimethoxy-2-oxo-2H-chromen-4-yl)acetyl)piperazine-1-
carbonyl)phenyl)-2-methylthiophen-3-yl)cyclopent-1-enyl)-5-methylthiophen-2-
yl)benzoic acid (14) An oven-dried round-bottomed flask and condenser were placed under 
a nitrogen atmosphere and charged with 4-carboxylphenylboronic acid 10 (95 mg, 0.57 
mmol), compound 13 (0.315 g, 0.38 mmol), cesium carbonate (0.37 g, 1.14 mmol), and 
tetrakis(triphenylphosphine)palladium (20 mg, 17 μmol). The flask was evacuated and re-
filled with nitrogen three times, and subsequently toluene (50 ml) and methanol (50 ml) 
were added and the reaction mixture was heated at reflux for 18 h. When the reaction was 
complete, the inorganic solids were removed by filtration through Celite, followed by 
washing with several portions of dichloromethane and the solvent was removed by 
evaporation. The residue was subjected to chromatography on silica gel (CH2Cl2/MeOH = 
20:4) to yield product 14 (0.12 g, 38 %), m.p. = 121-125 
oC, 
1H-NMR (400 MHz, CD2Cl2) 
δ 2.00 (m, 8H), 2.87 (s, 4H), 3.51 (s, 4H), 3.64 (s, 4H), 3.83 (s, 2H), 3.84 (s, 3H), 3.87 (s, 
3H), 6.14 (s, 1H), 6.82 (s, 1H), 7.09 (m, 3H), 7.33 (d, 2H, J= 6.6 Hz), 7.49 (m, 4H), 7.94 (s, 
2H); 
13C-NMR (100 MHz, CD2Cl2) δ 14.6 (q), 14.6 (q), 23.4 (t), 38.6 (t), 56.6 (q), 56.7 (q), 
100.5 (d), 106.1 (d), 111.8 (s), 113.1 (d), 125.0 (d), 125.4 (d), 125.5, (d), 128.3 (d), 130.9 
(d), 133.6 (s), 135.2 (s), 135.4 (s), 136.1 (s), 136.5 (s), 137.4 (s), 138.5 (s), 138.7 (s), 146.7 
(s), 149.9 (s), 153.6 (s), 161.3 (s), 167.2 (s), 170.4 (s); MS (Maldi-tof) for C46H42N2O8S2 
(M+Na) = 837.1  
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4-(4-(2-(5-(4-(4-(2-(6,7-Dimethoxy-2-oxo-2H-chromen-4-yl)acetyl)piperazine-1-
carbonyl)phenyl)-2-methylthiophen-3-yl)cyclopent-1-enyl)-5-methylthiophen-2-yl)-N-
(3-(triethoxysilyl)propyl)benzamide  (4) Compound  14 (40 mg, 0.049 mmol) was 
suspended in CH2Cl2 (5 ml) and the mixture was placed in an ice bath. Subsequently, N-
methylmorpholine (5 μl, 0.049 mmol) was added and the solids dissolved. Then 2-chloro-
4,6-dimethoxytriazine (10 mg, 0.049 mmol) was added. The reaction mixture was stirred 
for 2 h at 0 
oC, and another equivalent of N-methylmorpholine (5 μl, 0.049 mmol) was 
added followed by 3-aminotriethoxypropylamine (22 μl, 0.098 mmol). Stirring was 
continued for 1 h at 0 
oC and subsequently overnight at room temperature. CH2Cl2 (10 ml) 
was added and the solution was washed with, respectively, 1 M aq. HCl (2x10 ml), brine 
(1x10 ml), saturated aqueous sodium bicarbonate solution (1x10 ml) and H2O (1x10 ml). 
The organic phase was dried (Na2SO4), and the solvent was removed by evaporation. After 
purification by column chromatography on silica gel (CH2Cl2/MeOH = 100:2) product 4 
was obtained as viscous oil (25 mg, 50%). 
1H-NMR (400 MHz, CDCl3) δ 0.65 (m, 2H), 
1.21 (t, J= 5.8, 6.9 Hz, 9H), 1.75 (m, 2H), 2.00 (s, 3H), 2.02 (s, 3H), 2.1 (m, 2H), 2.82 (m, 
4H), 3.45 (m, 2H), 3.55 (s, 4H), 3.60 (s, 4H), 3.83 (m, 8H), 3.91 (s, 3H), 3.94 (s, 3H), 6.16 
(s, 1H), 6.65 (s, 1H, N-H), 6.85 (s, 1H), 7.07 (m, 3H), 7.36 (d, J = 8.06 Hz, 2H), 7.51 (d, J= 
7.70 Hz, 4H), 7.73 (d, J= 7.70 Hz, 2H); 
13C-NMR (100 MHz, CDCl3) δ 7.8 (t), 14.5 (q), 
14.5 (q), 18.3 (q), 22.9 (t), 23.0 (t), 38.4 (t), 42.2 (t), 56.4 (q), 56.5 (q), 58.5 (t), 100.2 (d), 
105.4 (d), 111.3 (s), 112.9 (d), 125.0 (d), 125.0 (d), 125.2 (d), 127.9 (d), 129.0 (d), 132.8 
(s), 132.9 (s), 134.7 (s), 134.8 (s), 135.7 (s), 136.4 (s), 136.8 (s), 136.9 (s), 137.1 (s), 138.3 
(s), 138.5 (s), 146.3 (s), 149.1 (s), 149.7 (s), 153.1 (s), 160.9 (s), 166.7 (s), 166.8 (s), 170.3 
(s); MS (Maldi-tof) for C55H63N3O10S2Si (M+Na) = 1040.4 
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Chapter 4 
Electropolymerization of 
Dithienylethene: ON/OFF 
Photoswitching of the 
Electropolymerizability of 
Terthiophenes 
 
In this chapter the photochemical switching properties of the dithienylethene 
functional units have been employed to control the electropolymerizability of bis-
terthiophene monomers onto conducting surfaces. The spectroscopic, 
electrochemical and photochemical properties of the monomer in solution are 
compared with those of the polymer formed through oxidative 
electropolymerization. The combination of alkene-bridged terthiophene units and 
the photoswitchable dithienylethene unit provides the ability to switch off and on 
the electropolymerizability of the monomer 4F  with UV and visible light, 
respectively. In the open state (4Fo) electropolymerization yields alkene-bridged 
sexithiophene polymers through oxidative α,α-terthiophene coupling while in the 
closed state (4Fc) the polymerizability is switched off. The characterization and 
electrochromic properties of poly-4Fo are reported.  
 
This chapter has been published in part in: 
J. Areephong, T. Kudernac, J. J. D. de Jong, G. T. Carroll, D. Pantorotta, J. Hjelm, 
W. R. Browne, B. L. Feringa, J. Am. Chem. Soc. 2008, 130, 12850-12851. 
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4.1   Introduction 
Conjugated polymers, such as polythiophenes (PTs), offer several potential opportunities 
for development of organic electronic devices such as field-effect transistors,
1 OLEDs,
2 
plastic photovoltaic cells,
3 and electrochromic devices
4 and sensors.
5 These applications 
result from their remarkable electronic and optoelectronic properties. The flexibility of 
these polymer systems offered in terms of their physical characteristics and processibility 
sets them apart from non-molecular semiconducting and conducting materials.
6 Although 
the syntheses of polymeric materials from thiophene derivatives are well known,
7 intensive 
research efforts focused on the optimization of the preparation of polythiophenes is in 
keeping with the emergence of widespread general interest in conducting polymers (CPs) 
since the early 1980s. PTs are essentially prepared by means of one of two routes, i.e 
chemical and electrochemical polymerization.
8 However, it is evident that polymers 
produced by chemical synthesis contain a significant proportion of regiochemical defects.
8 
Furthermore electrochemical polymerization of the monomer is the most convenient, 
simple, and robust method that can produce polymer films,
8 the thickness of which can be 
controlled by variation of the electrolysis time. The in situ formation of polymers on 
electrode materials by electrochemical techniques
9 is a well established approach and, has 
focused primarily on the fabrication of conducting polymer films,
10 providing electroactive 
polymer film layers for, for example, corrosion protection
11 and for retaining biomolecules 
on surfaces.
12  
Furthermore the functionality of both monomers and polymers can be extended by 
introducing responsive units that can be switched between two states using external stimuli, 
e.g., light, heat or redox switching. For instance, the introduction of photocontrolled 
switching units into a monomer to control its electropolymerizability could offer 
considerable opportunities in device fabrication. Dithienylethene switches have proven to 
be good platforms on which to build functional molecular-based systems, allowing for 
reversible control of properties as diverse as fluorescence,
13 self-assembly,
14 and molecular 
conductivity
15 with light.  In the following paragraphs, a short overview of the 
electropolymerization of dithienylethene switches will be presented.  
4.2   Electropolymerization of Dithienylethene onto Conducting 
Surfaces 
Electropolymerization of dithienylethene switches onto a conducting surfaces have been 
investigated by Kim and co-workers. Figure 1 shows the electropolymerization of an 
EDOT-modified diarylethene polymer.
16  Diarylethene (BTFTT-1) was substituted with 3,4-
ethylenedioxythiophene (EDOT) as the electropolymerizable group. Upon 
electropolymerization of the BTFTT-1 monomer, red-purple polymeric films (PBTFTT-1c) 
were deposited on the working electrodes; a similar film was also deposited on an electrode  
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from the solution exposed to UV light (BTFTT-1c) through electrochemical oxidation. The 
driving force for the polymerization of the closed isomer is the formation of redox-stable 
insoluble polymer with a lower oxidation potential due to the extended π-electron 
conjugation of the main chain formed. The film thickness correlated linearly to the number 
of potential cycles indicating that film growth could be controlled by cyclic voltammetry. 
The film color was bleached slowly by irradiation at 532 nm, as shown in Figure 1. The 
slow photoresponse time allowed Kim and co-workers to achieve the oxidative 
polymerization of BTFTT-1 copolymerized with EDOT as shown in Figure 2. The film 
electrodeposited on the ITO electrode showed reversible photocurrent switching in an 
electrolyte solution containing a quinone/hydroquinone by alternate switching on and off 
with UV light. The photocurrent generation in the polymer films prepared from the mixture 
of EDOT and BTFTT-1 was higher than compared to the PBTFTT-1 film, and increased as 
the content of EDOT was increased and the maximized when the ratio between the BTFTT-
1 and EDOT was 1:1. The response time for the photocurrent switching was also faster in 
the film, indicating the importance of film composition for photoactivity.  
 
Figure 1. Electrochemical deposition of BTFTT-1 on an ITO electrode and spectral change 
of PBTFTT upon irradiation with a 532 nm laser for 0, 15, 30, 45, 60, 75, and 90 min.
16a 
 
Figure 2.  Electrochemical polymerization of copolymer BTFTT-1 and EDOT and 
photocurrent response of the polymer films at +0.5 V in a buffer solution containing 
hydroquinone. Film prepared from EDOT:BTFTT (a) 2:1, (b) 1:1, (c) 0.5:1, (d) 0:1 and (e) 
1:0
16b   
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Recently Feringa and co-workers reported
17 a one-step method for fabricating a 
photoresponsive dithienylethene switch bearing electropolymerizable methoxystyryl 
units,
18 which enabled immobilization of the photochromic unit onto conducting substrates 
via electropolymerization (Scheme 1). Repetitive cyclic voltammetry of 2o between 0.0 and 
1.6 V vs SCE results in a steady increase in the current response at ca. 0.4 and 0.6 V which 
was assigned to the formation of 2c
2+ (Figure 3a). The polymerization occurs upon 
oxidation of the methoxystyryl groups, which form radical cations and undergo radical-
radical coupling
18 to form dimers and oligomers. The electropolymerization of 2o leads to 
the formation of poly-2c as shown in Figure 3. Photochemical ring opening of poly-2c by 
irradiation at >420 nm yields poly-2o. The cyclic voltammetry of poly-2o shows no Faradic 
current from 0 to 0.6 V, in contrast to poly-2c, which shows a one-electron reversible redox 
process at ca. 0.34 V (Figure 3c).The poly-2o modified electrode can be converted to poly-
2c through oxidative ring closure via poly-2c
+. The photochemical ring opening and 
subsequent electrochemical ring closure of the polymer film deposited on ITO was 
followed by UV/Vis spectroscopy (Figure 3d). The absorption of the closed state in the 
visible region decreases upon irradiation at >450 nm and increases again after 
electrochemical ring closure. These data show that the ability of poly-2 to switch from the 
open to closed forms, and vice versa, both in an electrochemical and photochemical 
processes, respectively, is retained in the electropolymerized state. However, the 
electroactive polymer is formed as layers of limited thickness, regardless of the 
concentration of monomer present in solution or the deposition potential or time.  
 
 
Scheme 1. A bifunctional molecule incorporating photo/electrochromic dithienylethene and 
electropolymerizable methoxystyryl unit 2o.  
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Figure 3. a) Electrochemical deposition of poly-2o on a glassy carbon electrode, during 
repetitive cycling between 0-1.6 V vs SCE; b) Cyclic voltammetry of poly-2c on glassy 
carbon electrode; c) Cyclic voltammetry of poly-2c before (i) and after (ii) photochemical 
ring opening by visible light (>420 nm) in monomer-free solution, and after (iii) oxidative 
ring closure; d) absorption spectra of poly-2c on ITO electrode before (solid line) and after 
(dotted line) irradiation with visible light (>450 nm) to form poly-2o and subsequent 
electrochemical ring closure to reform poly-2c (dash line).   
In this chapter the focus is on the electropolymerizability of bis-terthiophene monomers 
which is controlled by photochromic switching of a dithienylcyclopentene molecule. The 
design of the present system is based on the combination of alkene bridged bithiophene or 
terthiophene units and the well-known photoswitchable dithienylethene photochromic units 
as shown in Scheme 2. The oxidative polymerization of a diarylethene substituted with 
mono- and bi-thiophene 3H/3F and 4H/4F, respectively, is described. It is known that 
terthiophene can be polymerized to yield polythiophene films through oxidative 
polymerization.
19 Thus an oligothiophene-modified diarylethene is a promising material to 
control electropolymerization of these monomers, which could allow for the direct 
patterned electrodeposition of dithienylethenes as thin films for organic devices.  
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Scheme 2. Representation of the dithienylethene substituted oligothiophenes discussed in 
this chapter. 
4.3   Synthesis of the Dithienylethene-Substituted 
Oligothiophene 
 
Compounds 3H/3F were synthesized according to literature procedures.
20 The syntheses of 
the monomers are outlined in Scheme 3. Treatment of compound 5H or 5F with n-BuLi and 
subsequent reaction with tri-n-butylborate results in the corresponding boronic acid 
intermediates, which were reacted with 5-bromo-2,2’-bithiophene in the presence of a 
palladium catalyst providing 4H or 4F in 60% and 26% yield, respectively. The compounds 
were purified by column chromatography and characterized by 
1H and 
13C NMR 
spectroscopy and mass spectroscopy. 
 
 
Scheme 3. Synthetic route to dithienylethene substituted bithiophene compounds 4H and 
4F.  
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4.4   Electronic Properties 
Figure 4 shows the UV/Vis absorption spectra of the open and closed forms of diarylethene 
derivatives  3H/3F and 4H/4F in acetonitrile. Comparison of the electron-rich 
hexahydrocyclopentene-based compounds (3Ho/3Hc and 4Ho/4Hc) with the electron-
deficient hexafluorocyclopentene-based compounds (3Fo/3Fc and 4Fo/4Fc) shows a 
bathochromic shift in the lowest energy absorption bands in both the open and closed 
forms. However, the effect of incorporating the hexahydrocyclopentene group instead of a 
hexafluorocyclopentene group on the absorption spectra of the dithienylethene (e.g., 3Ho: 
λmax = 295 nm, 3Fo:  λmax  = 312 nm) is quite modest, especially considering the large 
difference in the redox properties (vide infra) of the hexahydrocyclopentene- (3Ho and 
4Ho) and hexafluorocyclopentene-(3Fo and 4Fo) compounds. Moreover, the large 
bathochromic shift observed in the closed form (4Hc versus 4Fc) is not as pronounced in 
the open form (4Ho versus 4Fo), and this suggests that the influence of the 
hexafluorocyclopentene group on the bithiophene substituent is minor in the open form. 
This difference is rationalized on the basis of the loss of conjugation of the thienyl ring with 
the bridging cyclopentene in the more flexible open state.
21 The effect of the number of 
thiophene units on the dithienylethene can be seen in the spectral changes between 3H and 
3F with respect to 4H and 4F. Both, the absorption maxima of the open and closed forms of 
4H and 4F are shifted to longer wavelengths by 30 to 50 nm compared to 3H and 3F. As 
expected, this band shifts to longer wavelengths in the UV/Vis absorption spectrum with 
increasing number of thiophenes due to the increase in the π-conjugation length in the 
longer oligomers.
6,8,19  
Table 1. Electronic and redox properties of 3H/3F and 4H/4F in their open and closed 
forms 
  Abs. λmax [nm] (ε [10
3 cm
-1 M
-1])
a  Epa [V] vs SCE (Ep,a when irr)
b 
  Open form 
3Ho  281 (14), 295 (18)  1.10 (irr) 
4Ho  364 (11)  0.87 (irr) 
3Fo
c 312  1.42  (irr) 
4Fo  365 (39)  1.14 (irr) 
  closed 
3Hc  229 (10), 311 (18), 347 (8.5), 356 (9.5), 
519 (13) 
0.54, 0.29 
4Hc  357 (9.8), 574 (5.9)  0.41, 0.26 
3Fc
c  605  0.86 (qr), 0.78 (qr) 
4Fc  391 (28), 647 (25)  0.65 
a: Photochemistry performed in MeCN, b: Redox measurements were carried out in 0.1 M TBAPF6/DCM, c: From 
reference. 
22 
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Figure 4.  UV/Vis absorption spectra of a) 3Ho/3Hc, b) 3Fo/3Fc, c) 4Ho/4Hc and d) 
4Fo/4Fc in acetonitrile at room temperature ca. 10
-5 M. 
4.5   Redox properties 
 
The redox properties of the open and closed states 3H/3F and 4H/4F were investigated 
using cyclic voltammetry (CV). The closed states were prepared readily by UV irradiation 
at 365 nm until the photostationary state (PSS) was reached. The electrochemical properties 
of the hexahydro- and hexafluoro-dithienylcyclopentenes of the oxidized compounds in the 
+1 and +2 oxidation states are summarized in Table 4.1. In the open state, 3Ho exhibits an 
irreversible oxidation at Ep,a = 1.10 V (V vs SCE), leading to oxidative ring closure to 
3Hc
2+, which can then be reduced, first to 3Hc
+ at 0.54 V and finally 3Hc at 0.29 V as 
shown in Figure 5a. By comparison with 3Fo, the redox chemistry is characterized by an 
irreversible oxidation at 1.42 V, which gives rise to two quasi reversible redox waves at 
0.86 and 0.78 V {3Fc
2+→3Fc
+→3Fc} as shown in Figure 5b. 3F in both open and closed 
form, displayed redox processes at more positive potentials than in 3H. For both 4Ho and 
4Fo (Figure 6), irreversible oxidation processes are observed at Ep,a = 0.87 and 1.14 V (V  
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vs SCE), respectively. An irreversible oxidation process in 4Ho results in oxidative ring-
closure to form 4Hc
2+, which is reduced to 4Hc
+ and then to 4Hc at 0.41 and 0.26 V (Figure 
6a). The redox chemistry of dithienylethene 3Ho/3Fo and 4Ho shows similar reactivity to 
that observed in related dithienylethene switches.
20b  
The redox chemistry of the open form of 4Fo is characterized by an irreversible oxidation at 
1.14 V (V vs SCE), however, on the return cycle the irreversible oxidation of 4Fo does not 
give rise to oxidative ring closure (e.g., to 4Fc
2+). The appearance of broad redox waves 
was observed and assigned to the accumulation of oxidation products on the surface of the 
electrode
19,23 (vide infra). Cyclic voltammetry of 4Fc, obtained after irradiation of a CH2Cl2 
solution of 4Fo with 365 nm light for 5 min, showed reversible redox processes at 0.65 V 
vs SCE {4Fc→4Fc
2+} as shown in Figure 6b. However, the separation of the first and 
second oxidation process (ΔE) is less than the resolution limit for both cyclic and 
differential pulse voltammetry (<30 mV). It is known that oligothiophenes generally tend to 
show less positive oxidation potentials with the addition of each thiophene unit.
8,19 Hence 
the effect of the number of thiophene units substituted on the dithienylethene can be seen in 
the cyclic voltammetry of 3H and 3F with respect to 4H and 4F. Both, the oxidation 
potential of the open and closed forms of 4H and 4F are shifted to less positive potentials 
by 130 to 280 mV compared to 3H and 3F, respectively. These results were in agreement 
with changes in their UV/Vis spectra, respectively. 
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Figure 5. Cyclic voltammetry of a) 3Hc (top) and 3Ho (bottom), b) 3Fc (top) and 3Fo 
(bottom) in 0.1 M TBAPF6 / CH2Cl2 at 0.1 V s
-1.  
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Figure 6. Cyclic voltammetry of a) 4Hc (top) and 4Ho (bottom), b) 4Fc (top) and 4Fo 
(bottom) in 0.1 M TBAPF6 / CH2Cl2 at 0.1 V s
-1. The CVs of the closed forms are offset 
along the coordinate for clarity. The integral potential used is the open circuit potential.  
 
In previous studies in our group,
20b,24   it has been shown that redox properties of the 
dithienylethenes can be tuned towards electrochemical ring-closing and ring-opening by 
stabilization or destabilization of the mono- and dication of the closed state, respectively. 
Alternatively, redox-active groups may be employed to change the direction of switching. It 
is important to recognize the mechanism by which these processes occur as summarized in 
Scheme 4. The driving force for electrochemical ring opening and closing observed in 
hexahydro- and hexafluoro-cyclopentene systems appears to lie in the ability of the 
bridging cyclopentene moiety to allow for stabilization of the dicationic species as depicted 
in Scheme 4. In ring-closure, the driving force is stabilization of the dication through 
(partial) delocalization of the charge over the thiophene rings. Where the communication 
between the rings is poor, as is the case in hexafluoro compounds, the stabilization 
achieved does not compensate for the loss of ring stabilization (aromaticity), and thus ring 
opening of the monocation/dication of the closed form is favored.  
Indeed in the case of 4Fo the positive shift in the first oxidation potential compared with 
4Ho is only 230 mV. This indicates that the oxidation is localised on the terthienyl moieties 
and not on the dithienylcyclopentene core. As a result the oxidised species is best viewed as 
a terthiophene radical cation and not as a [dithienylethene]
2+ species. Hence, the description 
of the system as a terthiophene radical cation is more apt as evidenced by the propensity for 
the molecule to undergo oxidative electropolymerization (vide infra) rather than ring 
closing as seen for 4Ho, etc. In the case of 3Ho, 3Fo, and 4Ho, which are structurally 
analogues to 4Fo, there is a thermal equilibrium between the dicationic open and closed 
form of dithienylethene with increased electron donating character of both the substituents 
on the thienyl rings and the cyclopentene bridge moving the equilibrium toward the 
formation  of the ring closed isomers. 3Hc, 3Fc, and 4Hc, respectively, show that they are 
functionally dithienylethenes.  In these systems the rate of thermal ring closure upon  
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oxidation of the open form is much faster, and hence electrochemical ring closing is 
observed and not electropolymerization.  
 
Scheme 4. General scheme for electrochemical processes observed in dithienylethene based 
system.
20b 
4.6   Electropolymerization 
 
Electropolymerization was carried out using multiple cycle cyclic voltammetry in CH2Cl2 
solution containing ca. 2 mM of monomers and 0.1 M of TBAPF6  as a supporting 
electrolyte. First electropolymerization of 3Ho/3Fo and 4Ho/4Fo was attempted on glassy 
carbon electrodes, however only 4Fo showed electropolymerization on the electrode (vide 
supra). The cyclic voltammogram of compound 4Fo between 0.0 and 1.20 V (vs SCE) 
presents an irreversible oxidation corresponding to the oxidation of the compound to the 
corresponding dication. Subsequent cycling leads to the emergence, at less positive 
potentials, of a new redox system associated with the oxidation and reduction of the 
polymer grafted onto the electrode surface as shown in Figure 7a. The increase in current is 
due to the combined electroactivity of the polymeric film building up on the electrode 
surface while monomer diffuses towards the electrode from the bulk of the solution. The 
rate of increase with respect to number of cycles is approximately linear indicating that the 
conductivity through the polymer is high at the scan rate employed as shown in Figure 7a 
(inset). During deposition the shape of the voltammogram changes from the typical shape 
of a diffusion controlled process into the broad shaped voltammogram of a surface-
confined species since for each scan the current increases proportionally due to the 
oxidation and reduction of the surface-confined material. After repeated scanning, the 
coated electrode is removed from the monomer solution and rinsed with dichloromethane to 
remove mono- and oligomeric material and a smooth adherent yellow film is observed. It is 
evident that compound 4Fo can undergo oxidative polymerization. It has been shown 
already that the oxidation potential of terthiophene derivative 4Fo decreases when  
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increasing the chain length of this oligomer, e.g. bithiophene derivative 3Fo, Epa=1.42; 
terthiophene derivative 4Fo, Epa=1.10 V.  
In a monomer-free electrolyte solution (Figure 7b), a surface-confined redox process is 
observed with the appearance of a reversible redox wave at 1.1 V and a quasi-reversible 
redox wave at ca. 0.7 V vs SCE. In order to investigate the scan rate dependence of the 
peak current, the polymer film coated working electrode was cycled between oxidized and 
reduced states over several scan rates (0.1 to 1.0 V s
-1). The scan rate dependence of the 
peak current shows a linear dependence on scan rate as illustrated in Figure 8. This 
demonstrates that the films were well-adhered and the electrochemical processes are 
reversible, non-diffusion-controlled, and originate from electrode-bound redox active 
species.
25  
The anodic polymerization of 4Fo was successfully carried out on glassy carbon, platinum, 
gold, and ITO electrodes by cyclic voltammetry under various conditions, for instance in 
different solvents (dichloromethane and propylene carbonate), different supporting 
electrolytes (TBAPF6 and TBAClO4) and at a wide range of monomer concentrations (0.1-
2.0 mM). Remarkably, the formation of the polymer film proceed smoothly at a monomer 
concentration ~ 0.1 mM and was insensitive to air and trace water (i.e. anhydrous 
conditions and/or Lewis acids were not required).
26 Electrodeposition of the polymer on 
ITO yields an adherent yellow film which is mechanically stable (with respect to peeling), 
and a loss of electroactivity under repeated potential scanning is not observed. Moreover it 
can be stored in air for at least several days. Poly-4Fo is insoluble in CH2Cl2, CH3CN, and 
toluene upon storage of the electrode for several hours in those solvents. It is not surprising 
as it is well known in the field of conjugated polymers that the strong π-π interactions 
between the chains often lead to completely insoluble polymers.
27  
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Figure 7. a) Cyclic voltammetric scanning electropolymerization of 4Fo monomer in 0.1 M 
TBAPF6/CH2Cl2 cycled at 0.1 Vs
-1 on gold micro electrode (10 μm diameters) Inset: 
Increase in current at 0.73 V vs SCE with number of cycles. b) Cyclic voltammogram of 
the polymer coated gold electrode in monomer-free 0.1 M TBAPF6/CH2Cl2   
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Figure 8. a) Cyclic voltammogram of poly-4Fo  modified glassy carbon electrode in 
monomer free CH2Cl2 (0.1 M TBAPF6) solution at 0.10, 0.20, 0.50, 0.75, and 1.00 V s
-1, 
carbon working electrode A = 0.071 cm
2) b) linear dependence of current on scan rates 
between 0.1 and 1.0 V s
-1. 
In the open state (4Fo) electropolymerization occurs upon oxidation of the terthiophene 
moieties to the cation radicals and subsequently oxidative α,α’-terthiophene coupling to 
yield alkene bridged sexithiophene polymers. The oxidative electropolymerization of the 
bis-oligothienyl-substituted dithienylethene switch is expected to result in the formation of 
linear polymers with the α-carbons of the outermost thienyl groups of each monomer 
linked to the neighboring monomers’ outermost α-carbons as illustrated in (Scheme 5).
6,8  
 
Scheme 5. General scheme represent the electropolymerization of 4Fo.  
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In order to confirm to the electropolymerized process can only be achieved in the open state 
of  4Fo, we attempted to polymerize the closed form of 4F by using the isolated 
photocyclized compound 4Fc. After several cycles with cyclic voltammetry the increase in 
current due to the combined electroactivity of the polymeric film building up on the 
electrode surface was not observed as shown in Figure 9. Cyclic voltammetry of 4Fc 
showed the reversible oxidation of the dithienylcyclopentene core at 0.65 V vs SCE. When 
the ring closed form 4Fc is oxidized to the dicationic state the positive charge is centered in 
the dithienylethene core unit. Hence the cationic radical character of the terminal thiophene 
units are insufficient to permit α,α’-dimerization (Scheme 5). Based on earlier studies 
(Scheme 4),
20b it is known that there is a thermal equilibrium between the dicationic open 
and closed forms of dithienylethene (i.e. between 4Fo
2+ and 4Fc
2+) with increased electron 
donating character of both the substituent on the thienyl rings and the cyclopentene bridge 
shifting the equilibrium towards the closed state. Hence it would be expected that oxidation 
of 4Fo would lead to formation of 4Fc
2+. However, in this system the rate of ring closure is 
insufficient to compete with that of the α,α’-coupling of 4Fo
2+ giving sufficient time for 
electropolymerization to proceed.  
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Figure 9. Cyclic voltammogram of 4Fc at the gold electrode in 0.1 M TBAPF6/CH2Cl2, 
scan rate 0.1 V s
-1. 
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4.7   Characterization of poly-4Fo films 
4.7.1   Surface Characteristics of poly-4Fo on ITO 
 
The contact angle of an ITO electrode before and after electropolymerization was found to 
change from 20
o to 90-100
o. No significant differences in contact angle were observed 
when the polymer films were prepared with different numbers of scans using cyclic 
voltammetry. AFM has proven to be a useful technique in studying the morphology of 
electrodeposited polymer films on ITO surfaces.
28 The tapping-mode AFM image of clean 
ITO and ITO surface on which poly-4Fo films are formed by electropolymerization are 
shown in Figure 10. The topographic AFM image of the clean ITO sample (Figure 10a) 
consists of crystalline grains. AFM topographic images after electropolymerization of 4Fo 
onto the ITO surface are shown in Figure 10b and Figure 10c. The surface morphology 
changes from crystalline grains, on bare ITO, to a globular structure on the polymer 
modified ITO with an approximate rms roughness of 100 nm. The phase contrast images 
corresponding to the topographic image is shown in Figure 10d with a surface roughness of 
~100 nm. The AFM images of poly-4Fo show that under the conditions employed for 
electropolymerization, the ITO is covered homogeneously by the polymer film. The 
thickness of the polymer film can be tuned by the number of cycles used during the 
electropolymerization, for instance 25 cycles yields a thickness of ca. 57 nm and 50 cycles 
a thickness of ca. 100 nm.
29  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
120 
 
 
 
 
 
Chapter 4 
 
a 
 
b 
 
c 
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Figure 10. a) Topographic image of bare ITO (5x5 μm
2), b) topographic image of poly-4Fo 
on ITO surface (5x5 μm
2), c) topographic image and d) phase contrast image of poly-4Fo 
on ITO surface (1.5x1.5 μm
2). 
4.7.2   FTIR-Raman Spectroscopy 
The FT-IR spectra of monomer 4Fo and its redox polymer poly-4Fo are shown in Figure 
11. The spectrum of the polymer is nearly identical to that of the monomer except for the 
disappearance of the band at 695 cm
-1 (the characteristic Cα-H o.o.p. deformation band at 
the terminal thiophene rings) and the presence of a strong band at 796 cm
-1 (the 
corresponding band of the Cβ-H o.o.p. deformation mode of the thiophene rings of the  
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sexithiophene band).
30  This indicates that α-β and β-β mislinkages are unlikely to occur 
significantly in the polymer film. Polythiophene has been shown to proceed with a 95% 
preference for α,α-coupling over α,β-coupling when it is synthesized electrochemically 
(Scheme 6).
8 Furthermore, the strong bands at 1275, 1190, 1142, 1137, 1120, 1050, and 845 
cm
-1 correspond to the main absorptions arising from the hexafluorocyclopentene ring (C-F 
stretching vibrations).
31 The stretching frequencies of the C=C bonds in polysexithiophene 
appear in the region 1400-1500 cm
-1. The electropolymerization was confirmed by using 
Raman Spectroscopy to compare the spectra of the polymer with that of its monomer. In 
contrast to IR spectroscopy, the effect of the presence of the perfluorocyclopentene moiety 
has only a minor effect on the Raman spectrum (lack of strong scattering from C-F 
stretching vibrations). As shown in Figure 12, the polymer displayed peak broadening 
between 1400-1500 cm
-1, indicative of polymerized product with respect to the typical 
vibrational peak of C=C bonds in the thiophene unit around 1450 cm
-1, which is in 
agreement with that reported for polythiophene.
32  
 
 
Scheme 6. Competitive reactions pathways in the electropolymerization of thiophene.
8 
 
Figure 11. FTIR spectra of (top) monomer 4Fo in KBr and (bottom) an electrochemically 
deposited film of poly-4Fo on gold surface.  
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Figure 12. Raman spectra of (top) poly-4Fo an on ITO electrode and (bottom) of monomer 
4Fo in the region of interest at 785 nm. 
4.8   Photochemical and electrochemical switching of a polymer 
film 
 
The absorption spectra for monomer 4Fo and poly-4Fo are presented in Figure 13. In the 
neutral state the polymer exhibits  an absorption maximum in the UV-Visible range, at 427 
nm, and corresponds to the π-π* transition of the oligothienyl group in the backbone which 
is close to those observed for polythiophene (between 418-480 nm, depending on the 
method of preparation).
33 The absorption maxima for poly-4Fo are expected at lower 
energy than for monomer 4Fo (λmax = 365 nm) due to the increased conjugation of the 
thienyl groups in the polymer backbone. The photochemical switching of poly-4Fo was 
examined with UV-Vis spectroscopy. However, attempts to accomplish ring-closing of 
poly-4Fo using prolonged irradiation at λ = 365 nm did not result in any change to the UV-
Vis spectra. It is clear that the poly-4Fo remained in the ring-open form as shown in Figure 
13b. Moreover, the electrochemical switching of poly-4Fo to generate poly-4Fc was not 
observed. The cyclic voltammetry of poly-4Fo (quasireversible redox potential at 0.7 and 
1.1 V vs SCE) was unaffected even after several scans of cyclic voltammetry Figure 14 and 
a new redox wave assignable to poly-4Fc was not observed at lower potential either. The 
cyclic voltammetry of poly-4Fo is characteristic of a sexithiophene-based polymer.
30c,34 
Overall although successful electropolymerization of a dithienylethene 4Fo monomer was 
achieved at a conducting surface, the photochemical and electrochemical switching 
functionalities of the polymer are lost when the switching unit is immobilized (Scheme 7).  
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Figure 13.  a)  UV-Vis spectra of 4Fo-monomer in toluene solution and poly-4Fo film 
electrodeposited on ITO glass; b) UV-Vis spectra of poly-4Fo on ITO before (—) and after 
(
…) irradiation at 365 nm. 
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Figure 14. Repetitive cycles of poly-4Fo on a glassy carbon electrode. 
 
Scheme 7. Attempted photo- and electrochemical switching of dithienylethene in polymer 
backbone.   
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Generally, 4Fo can be viewed as either a photochromic dithienylethene unit substituted by 
bis-bithiophene or as an alkene bridging terthiophene units. The bithiophene-substituted 
photochromic dithienylperfluorocyclopentene (4F) can be switched reversibly by UV and 
visible light between a colorless open state (4Fo) and a colored closed state (4Fc), 
respectively. In the open state (4Fo) electropolymerization yields alkene bridged 
sexithiophene polymers through oxidative α,α-coupling, while in the closed state (4Fc) the 
polymerizability is switched off (Scheme 8). The electropolymerizabilty of the bis-
terthiophene bridged alkene has been controlled by photochemical switching of the 
photochromic dithienylethene unit. 
 
Scheme 8. Photochemical switching between polymerizable (4Fo) and non-polymerizable 
(4Fc) states towards poly-sexithiophene bridged alkene (poly-4Fo). 
4.9   Spectroelectrochemistry of poly-4Fo 
To examine the effect of oxidation on the spectral characteristics of the electropolymerized 
films, in situ spectroelectrochemistry of poly-4Fo on transparent ITO was performed. The 
cyclic voltammograms of these films were similar to those obtained on glassy carbon, Pt or 
gold. Optical spectra of the films at three potentials: neutral (0.0 to 0.3 V), oxidized (0.8 V) 
and fully oxidized (1.3 V) were obtained. These spectra, over the range 320-1650 nm, are 
shown in Figure 15. The polymer exhibits a yellow color in the neutral state, with an 
absorption maximum at 420 nm assigned to a π-π* transition of the hexathienyl component  
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of the polymer. Upon oxidation at 0.8 V, the polymer film becomes blue with the intensity 
of  the 420 nm absorption band decreasing and the appearance of a new broad absorption 
band in the NIR region (600-1600 nm) assigned to the polaron state of mono-oxidized 
sexithiophene (λmax 660, 1084 nm).
35 At 1.3 V a further change to a purple colored film is 
observed with broad features characteristic of a bipolaron state in the 900-1300 nm region 
of the electronic absorption spectrum. The coloration is easily tuned by varying the 
thickness of the poly-4Fo film. 
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Figure 15. a) UV/Vis/NIR spectroelectrochemistry for polymer 4Fo on indium tin oxide 
(ITO) glass, Pt wire counter electrode, Ag wire pseudo reference electrode, TBAPF6 
supporting electrolyte (0.1 M in dichloromethane) passing from neutral to positive 
potentials, from 0.3 to 1.3 V, scan rate 0.1 Vs
-1 and b) color changing of a poly-4Fo film on 
ITO. 
 
During redox switching, distinct color changes are observed demonstrating the potential 
utility of these polymers as electrochromic films. For electrochromic applications, it is most 
important for a polymer to switch rapidly between two colored states and to exhibit a 
striking color change. A square-wave potential step method coupled with optical 
spectroscopy known as chronoabsorptometry
23 is used to probe the transmittance changes 
with time during repeated potential stepping between the neutral and oxidized states.
36 The 
experiments carried out by square-wave potential voltammetry showed the ability of poly-
4Fo to switch between its neutral and oxidized states with a change in transmittance at 
fixed wavelengths (1150, 650, and 420 nm). The electrochromic switching between 0.0 to 
1.3 V can be performed over multiple cycles as expected for a stable oligothiophene based 
polymer as shown in Figure 16. Indeed poly-4Fo is quite robust and can be switched without 
loss of signal. Furthermore the reversibility of the change during redox switching with full  
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recovery of the initial spectrum at 0.0 V and the absence of the color change with 
irradiation with UV light (vide supra) confirms that ring closing does not occur in the redox 
polymer film either electrochemically or photochemically. 
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Figure 16 Electrochromic switching and optical absorbance monitored at 420, 650, and 
1150 nm with time during repeated potential stepping between the neutral and oxidized 
states (0.0 V to 1.3 V) with a switching interval 10 s in a 0.1 M TBAPF6 / CH2Cl2 medium. 
4.10   Photo-patterning of Polymer Formation 
As mentioned above, the rate of thermal ring closure upon oxidation of the open form of 4F 
is insufficient to compete with that of the α-α’coupling of 4Fo
2+, i.e. electropolymerization 
is a dimerization process. The ability to control electropolymerizabity by light allows for 
localization of polymer growth/deposition through optical patterning. Thus, using 4Fo, the 
controlled delivery of polymerizable monomer units to a preferred site for 
electropolymerization can be achieved.
19a A solid film of 4Fc on ITO glass was irradiated 
with visible light (520 nm) through a mask to generate 4Fo locally. A potential of 1.3 V 
was applied to the ITO electrode, which resulted in polymer film formation only where the 
film was in the open state (4Fo) as shown in Figure 17 and Figure 18. 
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Figure 17. 4Fc was deposited onto an ITO coated glass slide (left) and irradiated at λ > 520 
nm through a patterned mask (right). The less colored pattern at the centre of the slide 
contains predominantly 4Fo. 
 
Figure 18. Two examples of photopatterned slides that were held at 1.3 V vs SCE in 
propylene carbonate (0.1 M TBAPF6). 4Fc when oxidized dissolves readily into solution 
whilst the 4Fo in the patterned areas underwent electropolymerization. 
4.11   Conclusions 
In summary, the ability to switch off and on the electropolymerizability of bis-terthiophene 
4F with light is reported. In the case of 3Ho,  3Fo, and 4Ho, which are structurally 
analogous to 4Fo, the electrochemical driven formation of the ring closed isomers 3Hc, 
3Fc, and 4Hc, respectively, was observed. This shows that they are functionally 
dithienylethene switches. In these systems the rate of thermal ring closure upon oxidation 
of the open form is much faster, and hence electrochemical ring closing is observed and not 
electropolymerization. Indeed 4F shows that the inherent character of a molecule 
(polymerizable terthiophene vs electrochromic dithienylethene) can be switched by light in 
a fully reversible manner. In the open state 4Fo, the terthiophene cation radical formed by 
oxidation reacts readily via α,α’-dimerization to form perfluorocyclopentene bridged 
sexithiophene polymers. In the closed state 4Fc, oxidation results in the formation of a 
stable dication, in which the cationic radical character at the α-position of the two 
terthiophene units is insufficient for α,α’-coupling to proceed and thus the oxidized 4Fc
2+  
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does not engage in polymerization. The photochemical and electrochemical switching 
functionalities of the dithienylethene are lost when the switching unit is incorporated into 
the extended conjugated system of polymer which was evidenced by 
spectroelectrochemistry. Furthermore this system shows robustness in the 
electropolymerization of the monomer with respect to H2O or oxygen and the stability of 
the polymer after several cycles of cyclic voltammetry making this system potentially 
useful in controlling electropolymer deposition in a broad range of applications e.g. in 
conducting polymer based-devices.
37 
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4.13   Experimental Section 
See Chapter 2 for information on synthesis and characterization and general details. 
Compound 1H,
 38  1F,
39  2H,
20b  2F,
20a  5H,
38 and 5F
38 were synthesised according to the 
previously reported methods. UV/Vis spectra were recorded (in solution or for polymer 
modified ITO slides) using a JASCO 670 UV-Vis-NIR spectrometer. Electrochemical 
measurements were performed using a Model 630B or 760C Electrochemical Workstation 
(CH Instruments). Analyte concentrations were typically 0.5 to 2 mM in anhydrous CH2Cl2 
containing 0.1 M tetra-butylammonium hexafluorophosphate (TBAPF6). A Teflon 
shrouded glassy carbon, gold or platinum microelectrode, and indium tin oxide (ITO) 
coated glass was employed as a working electrode (CH Instruments), a Pt wire auxiliary 
electrode and Ag/AgCl ion quasi reference or a SCE electrode were employed (calibrated 
externally using a 0.1 mM solution of ferrocene, all potentials reported are relative to the 
SCE). Cyclic voltammograms were obtained at sweep rate between 100 mV and 5000 
mV/s. FT-IR spectra were recorded in reflectance mode using a Nicolet Nexus FTIR 
spectrometer. Raman Spectra were recorded at an excitation wavelength, λexc of 785 nm on 
gold slides on an Avalon R1-ST Raman station.  
2-(5-Methyl-4-(2-(2-methyl-5-(5-(thiophen-2-yl)thiophen-2-yl)thiophen-3-yl)cyclopent-
1-enyl)thiophen-2-yl)-5-(thiophen-2-yl)thiophene (4H). Compound 5H (0.19 g, 0.59 
mmol) was dissolved in anhydrous THF (20 ml) under nitrogen and n-BuLi (0.92 ml, 1.6 M 
in n-hexane, 1.47 mmol) was added slowly by syringe. This solution was stirred at room 
temperature for 1 h and B(OBu)3 ( 0.40 ml, 1.47 mmol) was added in one portion. After the 
mixture had been stirred for 1 h at room temperature, THF (40 ml), aqueous Na2CO3 (5 ml, 
2M), 5-bromo-2,2’-bithiophene ( 0.57 g, 1.77 mmol) and Pd(PPh3)4 (40 mg, 0.03 mmol) 
were added, and the mixture heated at reflux overnight. The reaction mixture was cooled to  
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room temperature, H2O (10 ml) was added, the organic layer separated and the aqueous 
layer extracted with ethyl acetate (2x20 ml). The combined organic layers were dried over 
Na2SO4, and the solvent evaporated. The product was purified by column chromatography 
on silica gel (n-heptane) to give the product as a green solid (0.2 g, 60%). m.p.= 150.6-
154.1 
oC 
1H NMR (400 MHz, CDCl3) δ = 1.97 (s, 6H), 2.07 (m, 2H), 2.82 (t, 4H, J=7.7Hz, 
7.3 Hz), 6.89 (s, 2H), 6.95 (d, 2H, J=3.6 Hz), 7.00 (dd, 2H, J=5.2 Hz, 3.6 Hz), 7.04 (d, 2H, 
J=3.6 Hz), 7.14 (dd, 2H, J=3.3 Hz, 1.1 Hz), 7.20 (dd, 2H, J=5.1 Hz, 1.1 Hz); 
13C NMR (100 
MHz, CDCl3) δ 14.7 (q), 22.3 (t), 38.4 (t), 123.4 (d), 123.5 (d), 124.2 (d), 124.6 (d), 124.5 
(d), 127.8 (d), 132.7 (s), 134.3 (s), 134.6 (s), 135.5 (s), 136.4 (s), 136.5 (s), 137.2 (s); EI-
MS (M
+) = 588; HRMS C31H24S6  Found 588.0180, Calcd 588.0202. 
2-(4-(3,3,4,4,5,5-Hexafluoro-2-(2-methyl-5-(5-(thiophen-2-yl)thiophen-2-yl)thiophen-3-
yl)cyclopent-1-enyl)-5-methylthiophen-2-yl)-5-(thiophen-2-yl)thiophene (4F). 
Compound 5F (0.21 g, 0.48 mmol) was dissolved in anhydrous diethyl ether (20 ml) under 
nitrogen and n-BuLi (0.75 ml, 1.6 M in n-hexane, 1.2 mmol) was added slowly by syringe. 
This solution was stirred at room temperature for 1h and B(OBu)3 ( 0.32 ml, 1.2 mmol) was 
added in one portion. After the mixture had been stirred for 1h at room temperature, THF 
(30 ml), aqueous Na2CO3 (5 ml, 2M), 5-bromo-2,2’-bithiophene ( 0.62 g, 1.92 mmol) and 
Pd(PPh3)4 (33 mg, 0.02 mmol) were added, and the mixture heated at reflux overnight. The 
reaction mixture was cooled to room temperature, H2O (10 ml) was added, the organic 
layer separated and the water layer extracted with ethyl acetate (2x20 ml). The combined 
organic layers were dried over Na2SO4, and the solvent evaporated. The product was 
purified by column chromatography on silica gel (n-heptane) to give the product as a green 
solid (90 mg, 26%). m.p.= 184.1-184.8 
oC; 
1H NMR (400 MHz, CDCl3) δ = 1.97 (s, 6H), 
7.02 (m, 4H), 7.08 (d, J=4.7 Hz, 2H), 7.13(s, 2H), 7.18 (d, J=3.3 Hz, 2H), 7.23 (d, J=5.1 
Hz, 2H); 
13C NMR (100 MHz, CDCl3) δ = 14.5 (q), 122.5 (d), 123.9 (d), 124.2 (d), 124.6 
(d), 124.7 (d), 125.5 (s), 127.9 (d), 134.7 (s), 135.3 (s), 136.8 (s), 140.8 (s); EI-MS (M
+) = 
696; HRMS C31H18F6S6  Found 695.9622, Calcd 695.9636;  
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Chapter 5 
Dithienylethene-Based 
Photoswitchable Sexithiophene 
Molecular Wires 
 
Two photochromic dithienylethene-based sexithiophenes were synthesized by 
oxidative electrochemical coupling of α,β-substituted terthiophenes and their photo- 
and electrochemical properties are described. The redox properties in the open 
state are typical of sexithiophenes. Ring closure of both photochromic units 
proceeds smoothly and results in a lowering of the energy of the LUMO levels 
whilst leaving the energy of HOMO levels relatively unaffected. The combination of 
dithienylethene units with a sexithiophene unit allows for photochemical regulation 
of the conjugation length of a molecular wire.  
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5.1   Introduction 
The electronic properties of polythiophenes are remarkable in comparison to those of 
semiconductor and metallic non-molecular materials, especially considering the range of 
conductivities that can be accessed through synthetic tuning and processing.
1 The stability 
of thiophene-based polymers towards oxygen and water has resulted in their widespread 
application in organic electronic devices.
2 Understanding the electronic and photonic 
properties of polythiophene materials is key to the molecular design of components for 
application in electronic devices.
3 To this end, oligothiophenes offer considerable 
advantages over polythiophenes due to the precisely defined structures that can be prepared 
and probed electrochemically and spectroscopically.
4 In particular, α,α-sexithiophene and 
its derivatives
5 have attracted widespread interest in recent years not only as models for 
polythiophene but also in its own right as an electronically-versatile active component in 
electronic devices such as electrochromic materials,
6 field-effect transistors,
7 OLEDs,
8 
molecular wires
9 and photovoltaic cells.
10 Although considerable control over electronic 
properties can be achieved through synthetic modification,
11 post-synthetic tuning of 
properties by external stimuli, specifically light, by incorporation of a photo-responsive unit 
is challenging due to the ability of oligothiophenes to quench electronically-excited states 
efficiently.
12 Lehn and co-workers
12b have reported the synthesis and some 
physicochemical properties of a photoswitchable molecular wire based on a bis-
terthiophene core (Scheme 1). The photochromic compound exists in two photochemically 
interconvertible forms: an open form of which behaves like a substituted terthiophene and a 
closed form of which behaves like a substituted sexithiophene.  
 
Scheme 1. Photochromic reaction of bis-bithiophene-substituted dithienylethene switch.
12b 
 
In chapter 4, it was demonstrated that photochromic units such as dithienylcyclopentenes 
can be used as switching elements to control the electropolymerizability of an α,α’-alkene-
bridged  bis-terthiophene monomer.
13 In the open state electropolymerization to form  
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alkene-bridged sexithiophene polymers proceeded smoothly. However, in the ring-closed 
form of the dithienylethene unit of the monomer a complete inhibition of polymer 
formation was observed. Once formed, the polymeric material was photochemically 
inactive in the solid state in terms of both photoluminescence and photochromism. 
 
In this chapter the synthesis of  new of α,α-sexithiophene compounds, 6 and 7 (Scheme 2), 
which incorporate photoswitchable dithienyl hexafluorocyclopentene units is described. 
These units have proven their versatility in optoelectronic memory and display devices
14 in 
recent years due to their fatigue-resistance and excellent thermal stability
15 and the goal is 
to use these photochromic units to control the electronic properties of the sexithiophene 
core.  Furthermore these systems are designed to attempt to answer a key question as to 
why, when the switching unit is coupled to an extended conjugated system, photochemistry 
is quenched, i.e. is it due to intra- or intermolecular excited state quenching.  
Compounds 6 and 7 can be viewed as either a dimer of photochromic dithienylethenes 
bridged by a tetrathiophene unit or as an alkene/methyl end-capped sexithiophene. The 
electro- and photochemical properties of compounds 6 and 7 are described. Of particular 
interest is whether the photochromism of the dithienylethene units is suppressed by 
intramolecular quenching of the excited state. Furthermore the effects of the change in a, 
essentiallly peripheral, substituent (i.e. phenyl- vs. chloro-) on the properties of these 
systems are found to be stronger than would be anticipated. It is shown here that the 
hexafluorocyclopentene provides for a remarkable degree of communication between the 
components in these systems. Furthermore it should be noted that the present systems are 
complementary to those of Lehn
12b ( vide supra) in that here the sexithiophene unit is 
retained in all three photochromic states.  In addition, the present, end-capped substituted 
sexithiophene systems demonstrate that the photochromic properties of the 
dithienylcyclopentene motif in the open and closed states are retained when part of a 
sexithiophene ‘molecular wire’.  
 
 
 
Scheme 2. Photoswitchable sexithiophenes investigated in this chapter. 
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There are several approaches that can be taken in the synthesis of oligothiophenes
16 and 
among them; the transition metal-catalysed couplings of α-metalelated thiophenes with α-
halothiophenes are the more useful and popular. Pd- or Ni-catalysed cross-coupling 
reactions of Grignard or organotin reagents with organic halides represent the more 
important methods for the synthesis of oligomers with well-defined chains and conjugation 
length.
17 While many groups have used this approach,
18 it is synthetically more complex 
and undesired side reactions can include homocoupling, reduction, elimination, 
isomerization and the further reaction of functional substituents.
19 End-capped 
sexithiophenes have frequently been prepared via oxidative α-dimerization of α-substituted 
terthiophene using ferric chloride, the substituent enforcing regioselectively and preventing 
polymerization, however, metal impurities in the sexithiophene systems can complicate 
further studies.
20 
The synthetic approach taken to prepare the photochromic sexithiophene systems described 
in this chapter is based on the electrochemical oxidative coupling of two terthiophene units 
via their radical cation oxidation states as shown in Scheme 3. This approach, i.e. α-
dimerization, offers considerable advantages as a complementary route to preparing 
sexithiophenes, in particular to metal catalyzed (Sn, Pd, etc.) coupling reactions,
21 or 
chemically-induced oxidative coupling with ferric chloride.
22 
 
Scheme 3. General mechanism for the electrochemical α-dimerization of terthiophene. 
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5.2   Synthesis and Characterization of Dithienylethene-Based 
Sexithiophene Molecular Wires 
The synthesis of terthiophene-based diarylethene photochromic switches 4o and 5o are 
straightforward and follows the general synthetic method reported for the preparation of 
asymmetric dithienylethenes described earlier.
23 Compounds 4 and 5 were synthesized 
following the strategy depicted in Scheme 4. Treatment of compound 2 or 3 with n-
butyllithium and subsequent reaction with tri-n-butylborate provides a boronic acid 
intermediate, which was converted to compound 4 in 44% yield and compound 5 in 47% 
yield, respectively. The synthese of compounds 2 and 3 were described in chapter 2. 
 
 
Scheme 4. Synthetic route to compounds 4 and 5. 
5.2.1   Redox Properties of Terthiophenes 4o and 5o 
 
The redox chemistry of 4o and 5o is characterized by an irreversible oxidation at Ep,a = 1.13 
V (V vs SCE) and Ep,a = 1.34 V (V vs SCE), leading to 4o
2+ and 5o
2+, respectively. The 
return cycle does not indicate that the formation of 4c
2+ and 5c
2+ occurs (oxidative driven 
ring closure is not observed, i.e. the redox waves at potentials corresponding to those of the 
closed form are absent) as shown in Figure 1. In the closed state, formed by irradiation with 
UV light, 4c/5c show less positive oxidation potentials than in the open state, indicating 
destabilization of the HOMO in the closed state. For the closed form 5c, a quasi reversible 
oxidation is observed at 0.92 V (V vs SCE). The separation of the first and second 
oxidation process (ΔE) is less than the resolution limit for both cyclic and differential pulse 
voltammetry (< 30 mV). However, for 4c the two fully reversible oxidation processes are 
observed at 0.78 and 0.95 V (V vs SCE), assigned to two one-electron oxidation steps 
(Figure 1). In contrast to other perfluoro-cyclopentene bridge dithienylethenes,
24 the current 
of  4o and 5o upon scanning through multiple cycles does not decrease and a quasi-
reversible redox wave appears at lower potential following the initial cycle, indicating 
accumulation of redox active oxidation products at the surface of the electrode. This 
suggests that the oxidation of monomers 4o and 5o may result in α-dimerization (vide 
supra). Cyclic voltammetry indicated that as for the electropolymerizable system reported 
previously,
13 oxidation did not lead to ring closure but instead leads to oxidative 
dimerization.   
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Figure 1. Cyclic voltammogram of a) 4o/4c and b) 5o/5c (1 mM in 0.1 M TBAPF6/CH2Cl2, 
scan rate 0.1 V s
-1, glassy carbon electrode vs SCE). The coordinate axis of voltammograms 
of 4c and 5c have been offset by -10 μA for clarity.  
5.2.2   Spectroelectrochemistry of Dithienylethene Monomers 
 
In order to probe the redox chemistry of 4o and 5o further, the oxidation and subsequent 
reduction of the monomers was investigated by UV/Vis spectroelectrochemistry. Spectra 
were recorded over the wavelength range 200-1100 nm in acetonitrile containing 0.1 M 
KPF6 as the supporting electrolyte. For monomer 5o, oxidation at 1.1 V results in a 
decrease in absorbance at 356 nm, followed by a growing of new bands at 614 and 1081 
nm. Reduction at 0.1 V results in a decrease in the absorption intensity at 630 and 1020 nm, 
without a recovery in the absorption band at 356 nm, but instead was accompanied by the 
appearance of two new bands at 360 and 420 nm as shown in Figure 2. 
Spectroelectrochemical studies of dithienylethene monomer 5o shows that neither 
electrochemical ring closure nor regeneration the original state of the open form is 
observed. It is probable that the species formed in the oxidation reaction is the α-
dimerization via the terthiophene moiety of dithienylethene switches (vide infra). 
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Figure 2. The electronic absorption spectra of monomer 5o in the neutral state (solid line), 
upon oxidation at 1.2 V (dash line) and after reduction at 0.1 V (dotted line) in CH3CN 0.1 
M KPF6. 
5.2.3   Electrochemical Synthesis of Sexithiophene Molecular Wires 6oo and 
7oo 
 
The preparation of 6oo and 7oo through α-dimerization of 4o and 5o, respectively, was 
carried out by potentiostatic oxidative coupling at ca. 1.10 V (V vs SCE, 1 mM in 0.1 M 
KPF6/CH3CN) (Scheme 5). The light yellow solution turned dark green upon oxidative 
electrolysis and subsequently deep yellow upon standing or after the applied potential was 
switched to 0.1 V vs SCE. Dimers 6oo and 7oo were purified by preparative thin layer 
chromatography with isolated yields of 40-69 % and were characterized by 
1H and 
13C 
NMR spectroscopy and by MALDI-TOF mass spectrometry. Single crystals of 6oo were 
obtained by slow evaporation of a chloroform solution of 6oo and X-ray analysis confirmed 
the proposed structure (Figure 3). Compound 6oo is located on a crystallographic inversion 
center and an essentially planar orientation of the thiophene rings is observed in the 
sexithiophene moiety, exhibiting an all anti-anti conformation.
25 Both dithienylethene 
moieties are present in the so-called photochemically-active anti-parallel conformation
15 
potentially allowing for both dithienylethene units to undergo ring-closing reactions in the 
crystalline state.
26 
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Scheme 5. Electrochemical synthesis of dithienylethene-base sexithiophene molecular 
wire. 
 
 
Figure 3. Pluto drawing of the molecular structure of dithienylethene-based sexithiophene 
6. 
5.2.4   FT-IR spectroscopy 
 
Comparison of the IR spectra of 6oo and 7oo with 4o and 5o, respectively, show that the 
characteristic absorptions (i.e. C-F stretching vibrations) of the hexafluorocyclopentene 
units are retained in the product.
27 The main absorptions assigned to the 
perfluorocyclopentene ring are denoted by broken arrows. Notably for both 4o and 5o the 
characteristic C-H o.o.p. bending of the terminal thiophene C-H, at 690 cm
-1,
 28 are absent 
in the α,α’-dimerized products 6oo and 7oo, respectively (Figure 4). The absorption at 790 
cm
-1 in the spectra of 6oo and 7oo is characteristic of a sexithiophene unit.
29 
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Figure 4. a) FTIR-Spectra of monomer 4 (broken line) and dimerized compound 6 (solid 
line), b) FT-IR Spectra of monomer 5 (broken line) and dimerized compound 7 (solid line), 
in both case deposited from a dichloromethane solution onto KBr powder.  
 
5.3   Optical Properties 
The influence of the sexithiophene unit on the physical properties of the dithienylethene 
units and vice versa was examined by spectroscopic and electrochemical methods. The UV-
vis absorption, fluorescence, and electrochemical data for 4-7 are summarized in Table 1. 
The absorption and fluorescence maxima of sexithiophenes 6 and 7 are observed at longer 
wavelength than those of terthiophenes 4 and 5. The increase in the number of thiophene  
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units results in a marked bathochromic shift of the absorption maxima and increase in 
molar absorptivity. The absorption maximum of 6oo appears at 435 nm, which is shifted 
bathochromically by 5260 cm
-1 compared to that of monomer-4 due to the elongation of the 
π-conjugation of the molecule and hence a narrowing of the HOMO-LUMO gap. The 
absorption spectrum of 6oo is significantly red shifted compared with that of 7oo by ~ 2700 
cm
-1. Furthermore, 6oo and 7oo show strong fluorescence due to the increase in conjugation 
(Figure 5). The effect of the substituents on the fluorescence of 6oo and 7oo is significant 
with a threefold decrease in the fluorescence quantum yield between the phenyl- and 
chloro-substituted compounds. A more pronounced vibronic progression is observed for 
6oo than 7oo. Notably, in contrast to their absorption spectra the energies of the emission 
maxima of 6oo and 7oo are similar. Considering the relative remoteness of the phenyl- and 
chloro- substituents from the sexithiophene unit, the data indicate that the alkene bridge 
mediates electronic intercomponent communication effectively.  
Table 1 Electronic absorption, fluorescence and redox data 
  Abs λmax / nm (ε /10
3 M
-1cm
-1) Em.  λmax / nm (Φ)
d  Ep,c  / V  E½  / V  
       (vs.  SCE) 
4o  260(32.6), 354(31.0)    413
a -  1.13  (irr)
e 
4c  282(21.7), 385(26.0), 401(27.0), 
604(24.0) 
- -  0.78,  0.95 
5o  250(18.2), 355(18.1)    407
a -  1.34  (irr)
e   
5c  384(16.0), 565(13.5)  -  -  0.92 
6oo  270(40.2), 435(41.0)  504(0.28)
c -1.80  0.83,  1.04 
6cc  307(23.0), 392(18.0), 
468(20.0), 634(44.0) 
-  -1.47, -1.14,  
-0.96 
0.79, 0.85 
7oo  246(52.0), 357 (40.0), 389 (sh)  499(0.09)
b -  1.02,  1.22 
7cc  374(37.0), 567 (36.0)  -  -  - 
a λex = 350 nm, 
b λex = 367 nm, 
c λex = 430 nm, 
d Measured against 9,10-diphenylanthracene (Φfl =0.90 in 
cyclohexane).
30 irr = a return cathodic wave is not observed (Ep,a only), sh = shoulder 
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Figure 5. UV-Vis absorption and fluorescence spectra of a) phenyl-substituted 
sexithiophene 6oo and b) chloro-substituted sexithiophene 7oo (ca. 1x10
-5 M in n-heptane).   
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5.3.1   Photochromic Behavior of Sexithiophene Compounds 6 and 7 
 
 
Scheme 6. Photochromic reactions of photoswitchable sexithiophenes 6 and 7. 
 
Irradiation of 4-7 with UV light results in the appearance of new absorption bands in the 
visible region of the UV/Vis absorption spectrum, which are characteristic of 
photochemical ring closure of the dithienyl perfluorocyclopentene units.
15 The 
photochromic response is reversed upon irradiation with visible (>500 nm) light. For 
terthiophene substituted diarylethenes 4o and 5o, irradiation with UV light results in the 
formation of the ring-closed forms 4c and 5c, respectively (Table 1). For 6 and 7, there is 
the possibility of forming two photoproducts i.e where one or both of the dithienylethene 
units are in the closed states (Scheme 6). The photochromism of 6oo and 7oo in n-heptane 
solution is manifested by conversion of the pale yellow solution to a green and purple 
colored solution, respectively, upon irradiation (Figure 6). The new absorption bands are 
typical for the formation of the closed-ring forms, (i.e. c-o and c-c). Irradiation with >520 
nm light leads to a complete reformation of the o-o state, however during a photochromic 
reaction a rearrangement product was observed for compound 7. A related irreversible 
rearrangement was observed previously by the groups of Branda and Irie.
31 As for the open 
state (vide supra), the lowest energy absorption band of the phenyl-substituted switch 6cc is 
red shifted by ca. 1800 cm
-1 with respect to the chloro substituted switch 7cc. The effect of  
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the substituent on the absorption spectrum in this case, however, is not unexpected 
considering the contribution of the bis-trans-butadiene unit of the closed 
dithienylcyclopentene to the (HOMO/LUMO) frontier orbitals. For 6, the isosbestic points 
at 383 and 479 nm were retained during both ring closing and ring opening processes. The 
photoirradiated sample of 6 was analyzed by high performance liquid chromatography 
(HPLC, silica gel column, Econosphere, eluent 100% n-heptane). When monitored at the 
isosbestic point at 383 nm, three peaks were observed with retention times of 17.5, 18.9, 
and 21.1 min. The peak at 17.5 min is assigned to the open-open form 6oo. The peaks at 
18.9 and 21.1 min are assigned to the closed-open 6co and the closed-closed 6cc, 
respectively. Isolation of 6co and 6cc was precluded by the significant thermal instability of 
the closed states due to ring opening to 6oo (vide infra). Comparison of the UV/vis spectra 
of each compound obtained by HLPC with the spectra obtained at the PSS indicates that the 
PSS consists of > 90% of 6cc. 
 
300 400 500 600 700 800 900
0.0
0.2
0.4
0.6
A
b
s
.
Wavelength / nm
a)
300 400 500 600 700 800 900
0.0
0.2
0.4
0.6
A
b
s
.
Wavelength / nm
b)
 
400 600 800
0.0
0.2
0.4
0.6
0.8
1.0
A
b
s
.
Wavelength / nm
c)
300 400 500 600 700 800
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
A
b
s
.
Wavelength / nm
d)
 
Figure 6. UV/VIS spectral changes of 6oo (a) and 7oo (c) upon irradiation with 312-nm 
light. Photochromic bleaching of 6cc (b) and 7cc (d) upon irradiation at > 520 nm (ca. 
1x10
-5M in n-heptane). 
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5.3.2   Temperature Dependence of the Thermal Reversion of 6cc to 6oo 
 
An important property of the dithienylethene switch is the thermal stability of the closed 
form. Most perfluorocyclopentene switches are thermally stable in both open and closed 
states.
15 To test the thermal stability of 6, a n-heptane solution of this switch was irradiated 
at 365 nm until it reached the photostationary state; subsequently thermal ring opening was 
followed at different temperatures by UV-Vis spectroscopy (at 90 
oC, 80
oC, and 60 
oC). 
The thermal ring opening was then analyzed from plots of ln([c]/[c]o) against time as shown 
in Figure 7. Upon heating, the compound reverts to the open form, with no evidence of 
decomposition products by UV/Vis spectroscopy, indicating that compound 6 shows good 
switching behavior, but is thermally unstable towards ring opening at elevated temperatures  
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Figure 7. Kinetics of cycloreversion of 6cc (PSS365 nm) at 90 
oC, 80
oC, and 60 
oC.  
5.3.3   Fluorescence Behavior 
 
For all compounds 4-7 the intensity of the fluorescence decreases by 98% upon irradiation 
with UV light, indicating that the photostationary state at 365 nm is essentially completely 
in favour of the ring closed states. The open form of compound 6oo was found to display a 
large change in fluorescence when excited at 430 nm (Figure 8a). Only the open form is 
strongly fluorescent with a maximum at 504 nm (Φfl = 0.28). Upon irradiation at 365 nm to 
the photostationary state, the fluorescence intensity decreases. This is attributed to the 
closed forms being non-fluorescent.
32 Hence, the fluorescence intensity of 6oo can be 
regulated reversibly by irradiation over several switching cycles (Figure 8a, inset). The 
same behavior is observed in 7oo (Figure 8b). The luminescence λmax of the open form is at  
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499 nm and upon irradiated at 365 nm to the PSS, the fluorescence intensity decreases due 
to ring closing. 
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Figure 8. a) Fluorescence spectra of 6 (λex = 430 nm) in the open state (−) and PSS365 nm 
state (
……), the inset shows the modulated emission intensity at 534 nm during alternating 
irradiation at 365 nm and > 520 nm, respectively; b) Fluorescence spectra (λex = 367 nm) of 
7 in the open state (−) and the PSS365 nm state (
……) (ca. 1x10
-6 M in n-heptane). 
5.4   Redox properties 
 
The electrochemical properties of the sexithiophenes were analyzed by cyclic voltammetry 
in dichloromethane with Bu4NPF6 as the supporting electrolyte (Figure 9). 6oo and 7oo 
exhibit two sequential reversible oxidation processes leading to the radical cation and 
dication species, respectively (6oo; E½
1 = +0.83 V, ΔEa-c = 53 mV; E½
2 = 1.04 V, ΔEa-c = 74 
mV {6oo→6oo
+ and 6oo
+→6oo
2+}, 7oo; E1 
½ =  +1.02, ΔEa-c = 84 mV; E2 
½ = +1.22 V, 
ΔEa-c = 88 mV). The anodic peak potential for this radical cation formation is less positive 
than that for the terthiophene monomer oxidation, as is expected for longer 
oligothiophenes.
11a Furthermore the cyclic voltammetry of 6oo and 7oo are characteristic of 
end-capped sexithiophenes.
33 The shift of the 1
st and 2
nd oxidation waves by 190 mV   
between 6oo and 7oo indicates that the chloro/phenyl substituent on the thiophene end 
groups affects both the HOMO (stabilization by 1532 cm
-1) and LUMO level 
(destabilization by 1186 cm
-1) as summarized in Figure 9c, albeit with significantly more 
stabilization of the HOMO. The properties of the oxidized species of the sexithiophene 6 
and 7 were investigated by spectroelectrochemistry.  
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Figure 9. Cyclic voltammetry of a) 6oo, at 0.01 V s
-1, b) 7oo, at 0.1 V s
-1 in CH2Cl2 (0.1 M 
TBAPF6), and c) schematic diagram of the energy levels of 6oo and 7oo. 
5.4.1   Spectroelectrochemistry of 6oo and 7oo 
 
It is clear from cyclic voltammetry that oxidation of 6oo or 7oo leads to formation of the 
monocation radical and dication, respectively. Spectroelectrochemistry was employed to 
gain further insight into the properties of the oxidized sexithiophene species. One of the 
more frequently employed methods for the generation of radical cations of longer 
oligothiophenes is by addition of the mild oxidant trifluoroacetic acid (TFA) to a CH2Cl2 or 
CHCl3 solution.
34 The absorption band of the neutral forms 6o and 7o are at ca. 420 and 
370 nm, respectively. In the presence of TFA a progressive decrease in the intensity of the 
absorption bands at 420 nm (6oo) and 370 nm (7oo) is observed that is paralleled by the 
appearance of new absorption bands at longer wavelengths as shown in Figure 10. 
Surprisingly the substituents show no significant influence on the absorption spectra of the 
cationic radicals 6oo
+ and 7oo
+ generated by chemical oxidation with CF3COOH.
35 The 
absorption spectra of 6oo
+ and 7oo
+ are, essentially, identical with two main absorption 
bands (760-850 nm and 1460-1700 nm) typical of end-capped sexithiophene radical 
cations.
36 The absorption band (π-π* transition) of the neutral compounds at ca. 420 nm is 
absent in the oxidized states. The two absorptions in the spectra of the cationic radical have 
been ascribed to SOMO to LUMO and HOMO to SOMO transitions, respectively.
37 The  
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radical character of the cationic radical was confirmed by X-band EPR spectroscopy as 
shown in Figure 10c. A typical electrochemical oxidation at 0.85 V shows the formation of 
the cationic radical 6oo
+, i.e.
  the same absorption spectra as observed by addition of 
CF3COOH  (Figure 11a). In contrast, the near-IR absorption spectra of 6oo
2+ generated at 
1.1 V (Figure 11b) show an additional broad absorption band (800-1200 nm) assigned to 
the HOMO→LUMO transition characteristic
37 of a dicationic sexithiophenes.  
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Figure 10. Spectral changes following oxidation of a) 6oo, b) 7oo with CF3CO2H in 
CH2Cl2 and c) X-band EPR spectra of 6oo and 7oo at 77 K in n-hexane in the presence of 
CF3COOH.  
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Figure 11. a) Oxidation of 6oo to 6oo
+ at 0.85 V and b) oxidation of 6oo at 1.1 V in 
TBAPF6/CH2Cl2. 
 
Importantly, oxidation of the open form (e.g. 6oo
2+) does not lead to formation of the ring 
closed state (e.g. 6cc
2+) as is observed for dithienylethene analogues.
24 As shown in Figure 
12, reduction of the oxidized sample (6oo
2+ and 7oo
2+) at ca. -0.2 V results in a decrease in 
the absorption intensity in visible/near-IR region and a complete recovery of the spectrum 
of the neutral forms (6oo and 7oo) is observed. The absence of a significant influence of the 
phenyl- and chloro- substituents on the absorption spectra on the monocations and the 
absence of electrochemical ring closure (vide supra) suggest that the bipolarons are 
localized on the sexithiophene core. This model is supported by DFT calculations on 6oo 
(vide infra) which show that frontier molecular orbitals are localized on the sexithiophene 
unit. 
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Figure 12. a) Reduction of 6oo
+/6oo
2+ at -0.3 V and b) reduction of 7oo
+/7oo
2+ at -0.3 V to 
reform 6oo and 7oo, respectively, in TBAPF6/CH2Cl2  
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5.4.2   Cyclic Voltammetry of 6oo and 6cc 
The redox chemistry and energy diagram of the open and closed form of sexithiophene 6 
are shown in Figure 13. For the open form 6oo, two sequential reversible redox processes 
to form the mono- and dication species (E1/2 = 0.83, 1.04 V) are observed (vide supra). For 
the closed form 6cc, generated by irradiation with UV light, the effect of ring closure on the 
1
st oxidation potential is minimal but the separation between the first and second oxidation 
process decreases upon ring closure (E1/2 = 0.79, 0.85 V). By contrast the change in the 
reduction potential is typical of a dithienylethene with a positive shift in the first reduction 
potential of 840 mV (6700 cm
-1) which corresponds closely to the shift in the lowest energy 
absorption band upon ring closing (ca. 7200 cm
-1)
24 as shown in Figure 13b. The ring 
closing of 6oo to 6cc results in a lowering the energy of the LUMO orbital while the 
HOMO level in relatively unaffected. The frontier molecular orbital diagrams obtained 
from DFT calculation (vide infra) suggested that upon ring closing of the dithienylethene 
rings the systems can be best described as two closed dithienylethenes rather than an end-
capped sexithiophene. This provides a rationalization for the decrease in the separation of 
the first and second oxidation steps upon ring closing. For a hexafluorocyclopentene-
bridged dithienylethene the separation of the first and second oxidation is typically less 
than 80 mV. 
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Figure 13. a) Cyclic voltammetry of 6oo (dotted) and 6cc (solid) in TBAPF6/CH2Cl2, and 
b) Schematic representation of the energy levels of 6 in the open and closed form, the 
energy unit is cm
-1. 
 
 
  
 
 
151 
 
 
 
 
 
Dithienylethene-Based Photoswitchable Sexithiophene Molecular Wires 
5.4.3   Spectroelectrochemistry of 6cc 
 
Spectroelectrochemistry was employed to further investigate the properties of the oxidized 
6cc species the. The oxidation of 6cc with TFA, as shown in Figure 14a produces initially a 
weak absorption band at ca. 1100 nm assigned to 6cc
+ which disappears and is replaced by 
absorption bands at 760-860 nm and 1460-1700 nm typical of the cationic radical species 
6oo
+ (vide supra). The electrochemical oxidation of 6cc to 6cc
2+ at 0.9 V showed the 
appearance of additional NIR bands assigned to 6cc
2+ but it was accompanied by formation 
of 6oo
+ due to ring opening. The ring opening can be rationalized on the basis of the 
relative stabilities of the species 6cc
2+ and 6oo
2+ at the applied potential. Upon oxidation at 
0.9 V (V vs Ag-wire), the absorption bands (ca. 420 nm, and 630 nm) of neutral 6cc 
decreased while the formation of new absorption bands of the multiple oxidized species 
(i.e. 6cc
2+, 6oo
2+) was observed. Reduction of the oxidized species at -0.3 V results in a 
decrease in the absorption intensity at 780 nm and 1450 nm, and a further recovery of the 
420 nm absorption (Figure 14b). The new absorption band at 420 nm is in agreement with 
that of the open form 6oo. These results rationalize the absence of electrochemically-driven 
ring closing in 6oo which is due to the fact that oxidation of 6cc to 6cc
2+ is followed by ring 
opening to form 6oo
2+, with rapid reformation to the stable 6oo
+ state. 
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Figure 14.  UV/Vis-NIR spectrum of 6cc at PSS365nm in CH2Cl2 treated with TFA b) 
Oxidation of 6cc at PSS365nm to the oxidized species at 0.9 V and subsequent reduction of 
the oxidation product at -0.3 V to 6oo in TBAPF6/CH2Cl2 at room temperature. 
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5.5   DFT calculations 
 
DFT calculations were employed to predict the orbital nature of the frontier molecular 
orbital of compounds 6oo, 6co, and 6cc (Figure 15) in order to rationalize the experimental 
results. Calculations were carried out with the Gaussian 03W (rev. C.02) programme 
package using the density function hybrid theory system (B3LYP). Geometry optimizations 
were performed using 6-31G(d) basis set. DFT calculations of 6oo indicate that the frontier 
molecular orbitals are localized on the sexithiophene, in agreement with the absence of 
electrochemical switching of the open 6oo to the closed form. In the closed states, the 
HOMO-LUMO levels  are centered in the dithienylethene unit (Figure 15b and c). 
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Figure 15. Frontier molecular orbitals of a) 6oo, b) 6co and c) 6cc
 calculated using the 
B3LYP/6-31G/d method. 
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5.6   Conclusions 
 
In this chapter it is described that end-capped sexithiophenes which incorporate the 
functionality of dithienylethene photochromic switches can be prepared conveniently by 
electrochemical dimerization. These hybrid systems can be switched between three 
electronic states, i.e. 6oo, 6co, and 6cc. The photochemical activity of these end-substituted 
sexithiophenes demonstrates that the photochromic properties of the dithienylcyclopentene 
motif are retained when part of a sexithiophene molecular wire. These results indicated that 
the absence of photochemistry in films of a related dithienylethene/sexitiophene-based 
polymer (chapter 4) is due to intermolecular excited-state quenching and not intramolecular 
quenching of the photochemistry of the dithienylethene units by the sexithiophene unit. 
Ring closure of both photochromic units leads to a decrease in the energy of the LUMO 
orbitals with little effect on the energy of the HOMO orbitals. Finally, it is clear that the 
hexafluorocyclopentene units provides for a remarkable degree of communication between 
the peripheral and core units. The photochemical tuning of the conjugation of a molecular 
wire is achieved by combining dithienylethene units with a sexithiophene. The ability of a 
simple electron deficient alkene bridge to allow for relative remote substituents to be used 
to tune the properties of the sexithiophene core opens up new possibilities in the molecular 
tuning of this material for organic electronics such as the development of electronegative 
conjugated oligothiophene in the field of n-type OFETs.
37 Moreover, the photophysical 
properties of these systems will be reported in due course.
38 
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5.8   Experimental Section 
 
See Chapter 2 for information of synthesis and characterization and general experimental 
details. Compounds 2 and 3 were prepared according to procedures reported previously.
39 
FTIR spectroscopic measurements were performed on a Nicolet Nexus FT-IR apparatus. 
Spectroelectrochemistry was carried out with a custom-made electrolysis cell comprising of 
a platinum mesh working electrode (52 mesh, 0.1 mm wire diameter, Aldrich) a custom-
made quartz cuvette with 2 mm path length (Chandos Intercontinental, UK) equipped with 
a solvent reservoir holding the reference electrode and a platinum quaze counter electrode 
(separated from the main solution by a ceramic frit) or in SPECAC OTTLE cell (0.5 mm 
path length). EPR spectra (X-band, 9.46 GHz) were recorded in liquid nitrogen (77K) on  
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Bruker ECS 106 instrument, equipped with a Bruker ECS 041 XK microwave bridge and a 
Bruker ECS 080 magnet. Samples for measurement (250 μl) were transferred to an EPR 
tube, which frozen in 77 K immediately.
 
X-ray diffraction: Crystal and Molecular Structure 
Suitable orange colored single crystals of 6oo were obtained by crystallisation from 
chloroform. A crystal with the dimensions of 0.41 x 0.37 x 0.13 mm was mounted on top of 
a glass fiber and aligned on a Bruker
40 SAMRT APEX CCD diffractometer (Platform with 
full three-circle gonimeter). The diffractometer was equipped with a 4K CCD detector set 
60.0 mm from the crystal. The crystal was cooled to 100(1) K using the Bruker 
KRYOFLEX low-temperature device. Intensity measurements were performed using 
graphite monochromated Mo-Kα  radiation from a sealed ceramic diffraction tube 
(SIEMENS). Generator settings were 50 KV/ 40 mA. SMART was used for preliminary 
determination of the unit cell constants and data collection control. The intensities of 
reflections of a hemisphere were collected by a combination of three sets of exposures 
(frames). Each set had a different φ angle for the crystal and each exposure covered a range 
of 0.3° in ω. A total of 1800 frames were collected with an exposure time of 10.0 seconds 
per frame. The overall data collection time was 7.9 h. Data integration and global cell 
refinement was performed with the program SAINT.
40 The final unit cell was obtained from 
the xyz centroids of 4182 reflections after integration. Intensity data were corrected for 
Lorentz and polarization effects, scale variation, for decay and absorption: a multi-scan 
absorption correction was applied, based on the intensities of symmetry-related reflections 
measured at different angular settings (SADABS)
40, and reduced to Fo
2. The program suite 
SAINTPLUS was used for space group determination (XPREP).
40 The unit cell
41 was 
identified as triclinic, space group P-1: the E-statistics were indicative of a centrosymmetric 
space group.
42 Reduced cell calculations did not indicate any higher metric lattice 
symmetry
43 and examination of the final atomic coordinates of the structure did not yield 
extra crystallographic or metric symmetry elements.
44,45The structure was solved by direct 
methods using the program SIR2004.
46  The positional and anisotropic displacement 
parameters for the non-hydrogen atoms were refined. The hydrogen atoms were generated 
by geometrical considerations, constrained to idealized geometries, and allowed to ride on 
the  carrier atoms with an  isotropic displacement parameter related to the equivalent 
displacement parameter of their carrier atoms, with Uiso(H) = 1.2Ueq(C) or 1.5Ueq(methyl 
C). The methyl-groups were refined as rigid groups, which were allowed to rotate free. 
Assigned values of bond distances: methyl C-H3 = 0.98 Å and aromatic C-H = 0.95 Å. 
Final refinement on F
2 carried out by full-matrix least-squares techniques converged at 
wR(F
2) = 0.1408 for 6029 reflections and R(F) = 0.0511 for 4813 reflections with Fo ≥ 4.0 
σ(Fo) and 390 parameters. The final difference Fourier map was essentially featureless: no 
significant peaks (0.85(9) e/Å
3) having chemical meaning above the general background 
were observed. The positional and anisotropic displacement parameters for the non-
hydrogen atoms and isotropic displacement parameters for hydrogen atoms were refined on 
F
2 with full-matrix least-squares procedures minimizing the function Q = ∑h[w(│(Fo
2) - 
k(Fc
2)│)
2], where w = 1/[σ
2(Fo
2) + (aP)
2 + bP], P = [max(Fo
2,0) + 2Fc
2] / 3, F0 and Fc are  
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the observed and calculated structure factor amplitudes, respectively;  ultimately the 
suggested a (= 0.0709) and b (= 2.2604) were used in the final refinement. Neutral atom 
scattering factors and anomalous dispersion corrections were taken from the International 
Tables for Crystallography.
47 All refinement calculations and graphics were performed on a 
HP XW6200 (Intel XEON 3.2 Ghz) / Debian-Linux computer at the University of 
Groningen with the program packages SHELXL
48 (least-square refinements), a locally 
modified version of the program PLUTO
49 (preparation of illustrations) and PLATON
50 
package (checking the final results for missed symmetry with the MISSYM option, solvent 
accessible voids with the SOLV option, calculation of geometric data and the ORTEP
50 
illustrations). Each asymmetric unit contains one formula unit, consisting of two moieties: a 
half molecule of the title compounds, which molecule has a crystallographic implied 
inversion center, and a chloroform solvate molecule. The triclinic unit cell contains three 
discrete units, one molecule of the title compound and two chloroform solvate molecules 
separated by normal van der Waals distances.
51 A search of distances yielded no 
intermolecular- or intramolecular-contacts shorter than the sum of the van der Waals radii
51 
for the atoms. No classic hydrogen bonds, no missed symmetry (MISSYM) or solvent-
accessible voids were detected by procedures implemented in PLATON.
52,
53 
Table 2. X-ray crystallographic data for 6oo  
Compound  6oo      
Formula C58H34F12S8.2(CHCl3)  Z’  0.5 
fw (g mol
-1) 1454.15    Ρ (g cm
-3) 1.590 
Crystal dimension (mm)  0.41 x 0.37 x 0.13    μ (cm
-1)  6.36 
color  Orange    Number of reflections  6029 
habit Platelet    Number of  refinement parameters  390 
Crystal system  Triclinic    Final agreement factors:   
Space group, no.
54  P-1, 2    wR(F
2) 0.1408 
a (Å)  8.9801(14)    R(F) 0.0511 
b (Å)  12.322 (2)       
c (Å)  14.597 (2)       
V (Å
3) 1518.4  (4)       
 
 
2-(5-(4-(3,3,4,4,5,5-Hexafluoro-2-(2-methyl-5-phenylthiophen-3-yl)cyclopent-1-enyl)-5-
methylthiophen-2-yl)thiophen-2-yl)thiophene. (4)  2 (0.28 g, 0.58 mmol) was dissolved 
in anhydrous diethyl ether (20 mL) under nitrogen and t-BuLi (0.58 mL, 1.5 M in n-hexane, 
0,87 mmol) was added slowly by syringe. This solution was stirred at room temperature for 
1 h and B(OBu)3 ( 0.25 mL, 0.87 mmol) was added in one portion. After the mixture had 
been stirred for 1 h at room temperature, THF (30 mL), aqueous Na2CO3 (5 mL, 2M), 2- 
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bromo-5-(thiophen-2-yl)thiophene ( 0.37 g, 1.16 mmol) and Pd(PPh3)4 (20 mg, 0.017 
mmol) were added, and the mixture heated at reflux overnight. The reaction mixture was 
cooled to room temperature, H2O (10 mL) was added, the organic layer separated and the 
water layer extracted with ethyl acetate (2x20 mL). The combined organic layers were 
dried over Na2SO4 and the solvent evaporated in vacuo. The product was purified by 
column chromatography (heptane) to yield a powder (0.15 g, 44%). m.p.= 126-130 
oC.
 1H 
NMR (400 MHz, CDCl3) δ (ppm) 1.95 (s, 3H), 1.99 (s, 3H), 7.03 (m, 2H), 7.08 (d, J=3.7 
Hz, 1H), 7.14(s, 1H), 7.18 (d, J=3.3Hz, 1H), 7.23 (m, 1H), 7.28 (m, 2H), 7.39 (m, 2H), 7.55 
(d, J=7.7 Hz, 2H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 14.40, 14.54, 122.26, 122.0, 
123.87, 124.22, 124.57, 124.69, 125.56, 125.63, 125.68,  127.90, 128.97, 133.23, 134.79, 
135.19, 136.75, 136.78, 140.83, 141.29, 142.33. EI-MS (M
+) = 608; HRMS C29H18F6S4  
Found 608.0215, Calcd 608.0195. 
2-(5-(4-(2-(5-Chloro-2-methylthiophen-3-yl)-3,3,4,4,5,5-hexafluorocyclopent-1-enyl)-5-
methylthiophen-2-yl)thiophen-2-yl)thiophene. (5) 3 (1.08 g, 2.4 mmol) was dissolved in 
anhydrous diethyl ether (60 mL) under dinitrogen and n-BuLi (1.70 mL, 1.6 M in n-hexane, 
2.64 mmol) was added slowly by syringe. This solution was stirred at room temperature for 
1 h and B(OBu)3 (0.80 mL, 2.64 mmol) was added in one portion. After the mixture had 
been stirred for 1 h at room temperature, THF (100 mL), aqueous Na2CO3 (10 mL, 2 M), 2-
bromo-5-(thiophen-2-yl)thiophene (1.60 g, 4.8 mmol) and Pd(PPh3)4 (86 mg, 0.07 mmol) 
were added and the mixture heated at reflux overnight. The reaction mixture was cooled to 
room temperature, H2O (50 mL) was added, the organic layer separated and the aqueous 
layer extracted with ethyl acetate (2 x 50 mL). The combined organic layers were dried 
over Na2SO4 and the solvent evaporated in vacuo. The product was purified by column 
chromatography (n-heptane) to yield a purple solid (0.67 g, 47%). m.p.= 121-124 
oC; 
1H 
NMR (400 MHz, CDCl3) δ 1.91 (s, 3H), 1.97 (s, 3H), 6.93 (s, 1H), 7.04-7.10 (m, 4H), 
7.2 (m, 1H), 7.25 (m, 1H). 
13C NMR (100 MHz, CDCl3) δ 14.41, 14.44, 122.39, 123.93, 
124.25, 124.67, 124.77, 125.56, 127.93, 134.65, 135.41, 136.75, 136.87, 140.50, 140.79; 
EI-MS (M
+) = 566; HRMS C23H13F6S4Cl1 Found 565.9519, Calcd 565.9492. 
Electrochemical α-dimerization of 4 and 5 to 6 and 7, respectively 
Compound 4 or 5 (40 mg of each) were dissolved in 80 mL of CH3CN (0.1 M KPF6) and 
placed in an undivided cell containing a vitreous carbon reticulated working electrode, an 
SCE reference electrode and a carbon rod counter electrode. The α-dimerization was 
carried out at 1.2 V vs SCE yielding an intense green solution. After electrolysis was 
completed, a potential of 0.2 V was applied for 10 min. The solvent was removed in vacuo 
and the residue dissolved in dichloromethane and filtered to remove the KPF6 electrolyte. 
The products were isolated as yellow solids after evaporation of the solvent. The product 
was purified by preparative thin layer chromatography on silica gel (n-heptane). 
6 (15 mg, 38%). 
1H NMR  (400 MHz, CDCl3) δ 1.95 (s, 6H), 1.98 (s, 6H), 7.04 (d, J=4.0 
Hz, 2H), 7.09 (m, 4H), 7.14 (s, 2H), 7.27 (d, J=5.5 Hz, 4H), 7.31 (d, J=7.3 Hz, 2H), 7.39 
(dd, J=7.7, 7.3 Hz, 4H), 7.54 (d, J=7.3 Hz, 4H) 
13C NMR (100 MHz, CDCl3) δ 14.48, 
14.61, 122.35, 122.83, 124.50, 124.55, 124.58, 124.61, 124.68, 124.70, 124.74, 125.62,  
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125.71, 125.74, 127.96, 129.02, 133.27, 135.06, 135.11, 135.38, 136.04, 136.26, 141.00, 
141.31, 142.35. Maldi-Tof MS C58H34F12S8 = 1214.1 (M+ calc.1214.0) 
7 (28 mg, 69 %). 
1H NMR (400 MHz, CDCl3) δ 1.89 (s, 6H), 1.95 (s, 6H), 6.90 (d, J=4.7 
Hz, 2H), 7.00-7.09 (m, 8H), 7.17 (d, J=5.5 Hz, 1H), 7.31 (d, J=5.13 Hz, 1H). 
13C NMR 
(100 MHz, CDCl3) δ 14.41, 14.45, 122.48, 122.74, 124.12, 124.23, 124.27, 124.30, 124.73, 
125.30, 125.40, 125.60, 127.46, 127.87, 128.81, 129.79, 130.97, 131.83, 134.21, 134.78, 
135.27, 135.36, 136.59, 136.66, 136.77, 137.25, 140.51, 140.88, 141.05 Maldi-Tof MS 
C46H24F12S8Cl2 = 1131.9 (M
+ calc. 1131.9) 
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Chapter 6 
Star-Shaped Dithienylethene-
Substituted Hexaphenylbenzene: 
Synthesis and Photochromic 
properties 
 
In this chapter, the syntheses of star-shaped dithienylethene-substituted 
hexaphenylbenzenes  8 and 9 through a dicobalt octacarbonyl-catalyzed 
cyclotrimerization reaction are described. This reaction represents a direct facile 
method for the preparation of hexaphenylbenzene-centered multi-dithienylethene 
systems. The photo- and electrochemical properties of these compounds are 
reported. All six dithienylethene units in 8 and 9 can undergo photoisomerization 
between open and closed states and notably significant intramolecular 
communication between the photochromic units is absent; an effect attributed to 
the twisted conformation of the hexaphenylbenzene core.  
 
 
J. Areephong, W. R. Browne, B. L. Feringa, manuscript in preparation. 
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6.1   Introduction 
Highly symmetrical, star-shaped molecules, such as hexaarylbenzenes have gained 
considerable attention due to their application in the preparation of modern graphitic 
materials,
1 with potential applications in the area of molecular electronics. For instance, 
these materials can be used to investigate basic aspects of energy storage in chromophore 
aggregates,
2 self-assembly properties,
3 energy transfer,
4 charge delocalization,
5 and guest-
inclusion organic crystals directed to organic zeolites.
6  
In 2007 Meijer, Schenning and co-workers reported the synthesis of star-shaped oligo(p-
phenylenevinylene) (OPV) substituted hexarylbenzene 1 as shown in Figure 1.
7 In apolar 
solutions, 1 exhibits molecular self-assembly in a highly cooperative fashion into right-
handed chiral superstuctures, which are stable even at high temperatures and low 
concentration. This shows that the stability of π-stacked fibers can be enhanced by using a 
hexaarylbenzene scaffold in which the number of π-conjugated systems is increased 
without using other non-covalent interactions such as hydrogen bonding. At the solid-liquid 
interface, star-shaped OPV 1 also forms organized monolayers having a chiral hexagonal 
lattice. These properties make the star-shaped OPV potentially useful in the field of 
supramolecular chemistry.  
                
Figure 1. a) Star-shaped oligo(p-phenylenevinylene)-substituted hexaarylbenzene 1, b) and 
c) STM images of 1 at the 1-phenyloctane-HOPG interface. The bright rods are the OPV-
units.
7  
 
The groups of Hoger and De Feyter synthesized large two dimensional oligo(arylene 
ethynylene) molecular spoked wheels 2 (Figure 2) in order to explore the optical properties 
of rigid 2D oligomers.
8 They used a star-shaped hexaarylbenzene as a scaffold for a rigid 
building block in the synthesis of compound 2. The sixfold symmetry and shape- 
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persistence of these large wheel-like molecules is confirmed by a clear STM image of 
oligomer 2 (Figure 2c). 
         
Figure 2. a) Structure of molecular spoked wheel 2, b) Schematic representation of rigid 
2D oligomers with side groups above and below the molecular plane and at the periphery 
and c) STM image of 2D oligomer 2 immobilized on graphite.
8  
 
Furthermore, the mimickry of the natural light-harvesting (LH) apparatus has been 
continuously attempted via the design and synthesis of various types of covalently-linked 
porphyrin arrays (e.g. linear arrangement
9). Kim and co-workers reported a synthesis of the 
star-shaped hexaporphyrin-substituted hexaphenylbenzene 3  in which porphyrins are 
arranged in a cyclic manner as shown in Figure 3.
10 Time-resolved fluorescence 
measurements show that these systems are governed by through space interactions between 
the porphyrins in the array systems.
4 The observed excitation energy hopping rates of 3 are 
close to those of B800 and B850, respectively, (B800 and B850 are the circular 
bacteriochlorophyll complexes in purple bacteria) in the LH2 bacterial light-harvesting 
antenna. Thus, these cyclic porphyrin arrays have proven to be useful in understanding 
energy migration processes in natural LH systems.  
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Figure 3. Star-shaped porphyrin-array substituted hexaphenylbenzene 3.
4,10  
 
Fullerodendrimers  4-6 with hexaphenylbenzene cores and peripheral C60  moieties have 
been synthesized by Nierengarten and co-workers.
11 They demonstrated that a metal-
catalysed cyclotrimerization of the corresponding dendritic bis(aryl)alkyne is well suited to 
the synthesis of fullerene-rich dendrimers as shown in Figure 4. The electrochemistry of 
these dendrimers was investigated. Upon reduction, only fullerene dendrimers 5 and 6 are 
adsorbed on the electrode surface. This is a common characteristic of dendrimer systems 
because van der Waals forces with the surface increase with increasing generation, while 
the solubility diminishes. Furthermore, C60 units can then be reduced by successive electron 
hopping between C60 units. This system shows the possibility of tuning their properties by 
changing the number of functional units within the branched structure. 
 
Figure 4. Fullerene-rich dendrimers 4-6.
11  
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  In addition, hexaphenylbenzenes (HPBs) are direct precursors of hexabenzocoronene 
(HBC) derivatives, which are potential candidates for organic semiconducting materials in 
field-effect transistors (FETs), hole-conducting layers in photovoltaic devices, and 
molecular wires in molecular electronics.
12 It is for these reasons, that star-shaped 
dithienylethene-substituted hexaphenylbenzenes, which are based on the dithienylethene 
photochromic units, i.e. six photochromic units are arranged in a regular manner and held 
together by a central benzene core; are investigated in the present study. These compounds 
can serve in exploring the basic photochemical behaviour of such 6-fold symmetric 
molecular arrangements. The construction of covalent multi-photochromophore assemblies 
requires a robust photoactive unit. Dithienylethene subunits were chosen because they have 
been shown to be versatile materials in functional molecular based systems, allowing for 
reversible photochemical control of properties as diverse as fluorescence,
13 self-assembly,
14 
and molecular conductivity.
15 Interchromophore interactions are a key issue in multi-
component systems. As noted in chapter 2, only one photochromic dithienylethene unit 
undergoes photoisomerization when two units are connected in one system through a 
covalent (C-C) bond,
16 however, when the dithienylethene dimer is connected with phenyl 
group, it can convert to the doubly-closed form.
17 Different results are observed for systems 
with the same photochromic units but different covalent bridging units. Thus, the 
photochromic behavior of multi-component systems has proven to be sensitive to the nature 
of the bridging unit.
18 For this purpose, we focused our attention on the design and 
synthesis of a multi-photochromic dithienylethenes, in which six dithienylethene units were 
linked covalently to form a single molecule using cobalt-catalyzed cyclotrimerization 
reactions. In this chapter the characterization and photo- and electrochemical studies of a 
new type of star-shaped hexadithienylethene substituted hexaphenylbenzene 8-9 are 
described, in which a minor change in the structural design of the alkyl chain moieties is 
introduced in order to enhance the solubility in compound 9 by using a branched alkyl 
chain. In addition a model compound 7, consisting of one dithienylethene substituted 
hexaphenylbenzene is described. Moreover, the hexaphenylbenzene core is a precursor for 
the synthesis of hexabenzocoronene via oxidative cyclodehydrogenation. With this in mind, 
we chose to use the perfluoro dithienylethenes, as they possess a higher oxidation potential 
than their perhydro analogues, and thus may not be involved in the oxidation process of the 
hexaphenylbenzene cores. This will be discussed in further detail in section 6.7.  
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Scheme 1. Structures of dithienylethene-substituted hexaphenylbenzene 7-9. 
6.2   Synthesis of Model Compound 7 
 
A retrosynthetic analysis for monodithienylethene hexaphenylbenzene 7  is shown in 
Scheme 2. The crucial step in the synthesis is the Suzuki coupling between the boronic acid 
intermediate prepared from dithienylethene 10 and iodo-hexaphenylbenzene 11. A 
Sonogashira coupling of 4,4’-diiodobiphenyl 15 and phenylacetylene 14 was employed for 
the synthesis of compound 13, the precursor of iodo-hexaphenylbenzene 11.  
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Scheme 2. Retrosynthetic analysis of mono-dithienylethene substituted hexaphenylbenzene 
7. 
 
A synthetic route to compound 7 is described in Scheme 3. The first step in the synthesis of 
iodo-hexaphenylbenzene 11
19 is a Sonogashira coupling of 4,4’-diiodobiphenyl 15 with one 
equivalent of phenylacetylene 14 to provide alkyne 13 in 42% yield. A Diels-Alder reaction 
of 13 with tetraphenylcyclopentadienone 12 provided the iodo-hexaphenylbenzene 11 in 
83% yield. Dithienylethene 10 was treated with t-BuLi at ambient temperature, followed by 
B(OBu)3 to provide the boronic acid intermediate, which was reacted with compound 11 in 
the presence of a palladium catalyst to yield the target compound 7 (51%).  
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Scheme 3. Synthesis of monodithienylethene substituted hexaphenylbenzene 7. 
6.3   Synthetic Strategy of Star-Shaped Dithienylethene-
substituted Hexaphenylbenzene 8 and 9 
 
The first attempts to synthesize star-shaped dithienylethene substituted hexaphenylbenzenes 
involved a divergent route requiring a six-fold Suzuki coupling reaction (Scheme 4). A 
Suzuki reaction using hexakis-bromo-hexaphenylbenzene compound 16 has been described 
in the literature.
20 Unfortunately, this reaction does not succeed with the boronic acid, 
prepared from dithienylethene 10. Even in the presence of a large excess of boronic acid 
(12 equiv), the starting materials were recovered, and the products appeared to be mixtures 
of regioisomers. Indeed, it has been reported previously,
19 that palladium-catalyzed 
coupling reactions involving two large reactants generally proceed poorly, even if both are 
well soluble.   
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Scheme 4. Attempted six-fold Suzuki coupling reaction. 
An alternative route to the star-shaped dithienylethenes 8 and 9 is via a [2+2+2] 
cyclotrimerization of tolanes. It is a well-known method for the synthesis of 
hexaarylbenzenes with diverse substituents typically in good yields,
21 even where the 
substituents were dendrons with large volumes.
22 The retrosynthetic analysis for 
compounds  8 and 9  is described in Scheme 5. After synthesis of the dithienylethene 
monomers 17 and 18, dimerization through an alkyne bridge is required to obtain bis-
dithienylethene acetylenes 19 and 20. Subsequently, these compounds were subjected to 
cobalt-mediated cyclotrimerization. 
 
Scheme 5.  Retrosynthetic analysis of star-shaped dithienylethene-substituted 
hexaphenylbenzenes 8 and 9.  
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6.3.1   Synthesis of Dithienylethene Monomer 17 and 18 
Compounds 17 and 18 were synthesized according to Scheme 6. First, iodination of 4-
bromo-biphenyl  21 proceeded smoothly with molecular iodine and iodine pentoxide in 
nitrobenzene in the presence of a small amount of carbon tetrachloride and sulfuric acid to 
obtain 4-bromo-4’-iodobiphenyl 22 in 58% yield.
23 Treatment of dithienylethene 10 with t-
butyllithium and subsequent reaction with tri-n-butylborate provides a boronic acid 
intermediate, which was reacted with compound 22 in the presence of a palladium catalyst 
to yield compound 17 (74%). Introducing a branched alkyl chain was achieved by 
demethylation of 17 with BBr3, then ether formation with (S)-1-bromo-3,7-dimethyloctane 
24, to give dithienylethene monomer 18 in 57% isolated overall yield. Intermediate 24 was 
prepared by hydrogenation of (S)-8-bromo-2,6-dimethyl-2-octene  23 in 90%. The 
compounds were purified by column chromatography and characterized by 
1H and 
13C 
NMR spectroscopy and MALDI-TOF mass spectroscopy (see experiment section for 
details). 
 
Scheme 6. Synthesis of dithienylethene monomers 17 and 18.  
6.3.2   Synthesis of Bis-dithienylethene Acetylene 19 and 20 
 
The first approach to the synthesis of bis-dithienylethene acetylene switches involved a 
Sonogashira coupling reaction. Grieco and coworkers have reported a one-pot synthesis of 
symmetrical bisarylethynes.
24 A modification of the Sonogashira coupling reaction 
employing an amide base (i.e. DBU) and substoichiometric amounts of water, in addition to 
Pd(PPh3)2Cl2-CuI, generates symmetrical bisarylethynylenes in one pot through in situ  
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deprotection of trimethylsilyethyne (Scheme 7). The target compound 19 was synthesized 
in 18% yield using this method, however, this system does not provide a sufficiently high 
yield. An alternative to the Sonogashira coupling reaction of two aryl fragments is the Stille 
coupling reaction (Scheme 8). The bis-dithienylethene acetylenes 19 and 20 were prepared 
in 66 and 67% yield, respectively, by a double Stille-type
25 coupling of dithienylethenes 17 
and  18 with commercially available bis-(tributylstannyl)acetylene. The most important 
drawback of the Stille coupling is that the tin salts formed during the reaction are very 
toxic. Hence, this reaction should be handled with extra precautions.  
 
 
Scheme 7. Synthesis of 19 via Sonogashira coupling reactions. 
 
 
Scheme 8. Synthesis of bis-dithienylethene acetylene 19  and 20 by a Stille coupling 
reaction. 
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6.3.3   Synthesis  of  Star-Shaped  Dithyenylethene-Substituted 
Hexaphenylbenezene 8 and 9 
 
As discussed above, the methods for the synthesis of compounds 8 and 9 are based on 
cobalt-catalysed cyclotrimerization. The choice of the appropriate catalyst was the key to 
this synthesis. Indeed, dicobalt octacarbonyl [Co2(CO)8] appeared to be a good candidate. It 
is a known catalyst for the cyclotrimerization of alkynes providing a series of star-shaped 
hexaaryl or –heteroaryl benzene derivatives.
21,26 Cyclotrimerization of bis-dithienylethene 
acetylene 19-20 was carried out using a catalytic amount of [Co2(CO)8] heated at reflux in 
dioxane under an argon atmosphere affording compounds 8 and 9 in 44 and 66% yield, 
respectively (Scheme 9). Star-shaped dithienylethene substituted hexaphenylbenzenes 8 and 
9 were soluble in common organic solvents (such as dichloromethane, chloroform, 
toluene), and were characterized by 
1H-NMR, 
13C-NMR, and MALDI-TOF mass 
spectrometry. 
 
Scheme 9. Synthesis of star-shaped dithienylethene 8 and 9. 
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The 
13C-NMR spectra of 19, 20, 8 and 9 are shown in Figure 5. The formation of the 
hexaphenylbenzene core derivatives 8 and 9 are based on comparison of the 
13C NMR 
spectra of 8  and  9 with 19 and 20.
11  In particular, the characteristic resonances 
corresponding to the sp-hybridized C atom at δ = 90.2 ppm for compounds 19 and 20 are 
not present for 8 and 9, whereas an additional resonance around δ =136.8 ppm is observed 
in the spectra of 8 and 9. The signal is attributed to the six equivalent sp
2-hybridized C 
atoms of the central phenyl cores of 8 and 9 and the data are similar as those described in 
the literature.
11 Further conclusive evidence came from MALDI-TOF spectrometry of 8 and 
9. The MALDI-TOF spectra showed molecular ions peak at m/z = 3824, and 4581, in 
accordance with the molecular mass of structure 8 and 9, respectively.  
The mechanism involved in the cobalt-catalyzed [2+2+2] cycloaddition is generally 
accepted to involve several steps and organometallic species as outlined in Scheme 10. The 
mechanism described here is an abbreviated version of the Knox-Pauson-Spicer 
mechanism.
27 The first step, elimination of two CO ligands leads to the unsaturated species 
[Co2(CO)6], which reacts with acetylene to give the dicobalttetrahedrane complex A, 
containing a bridging acetylene ligand. By subsequent elimination of CO and insertion of 
one molecule of acetylene, complex A is converted to intermediate B, which contains a 
cobalt-cyclopentadiene unit π-bonded to the other cobalt atom. A Diels-Alder type reaction 
of B with another acetylene molecule leads to intermediate C, which is followed by thermal 
elimination of the benzenoid product. 
 
Scheme 10. Postulated mechanism of the cobalt-catalyzed cyclotrimerization.
27  
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Figure 5. 
13C-NMR (CDCl3, 100 MHz) spectra of a) 8 (top), 19 (bottom); and b) 9 (top), 20 
(bottom). 
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6.4   Photochromic Properties 
The UV-vis absorption data for 7-9 and 17-20 are summarized in Table 1. It should be 
noted that upon irradiation of the open forms with UV light (365 nm) in all cases a 
photostationary state (PSS) is obtained (>90%). The absorption maxima of the open and 
closed forms of all compounds appear around 320 and 602 nm, respectively. The switching 
behavior of the compounds 7-9 and 17-20 is excellent. The photochromic switching can be 
performed over several cycles without degradation. 
Table 1. Electronic properties of open and closed forms in toluene 
Compound 
 
Abs λmax / nm (ε /10
3 M
-1cm
-1) 
Open form 
Abs λmax / nm (ε /10
3 M
-1cm
-1) 
Closed form 
7  316  (50)  359 (31.5), 602 (20.1) 
8  324 (290)  357 (201.3), 602 (120.9) 
9  324 (304)  359 (222), 602 (131) 
17  290 (65.6)  345 (31.0), 596 (17.3) 
18  312 (51.9)  348 (35.3), 602 (21.4) 
19  347 (106.1)  396 (89.5), 605 (48.3) 
20  344 (102)  366(91.0), 607(50.9) 
 
Figure 6 shows the UV/Vis absorption spectra of the open and closed form of the star-
shapped dithienylethene-substituted hexaphenylbenzene 8 and 9 in toluene. Upon 
irradiation of 8 and 9 with 365 nm light, the colorless solution of the open forms turned 
blue, in which the absorption maxima of both 8 and 9 were observed at 602 nm. The 
absorption maxima of the closed form 8 and 9 show a negligible blue shift of 2-4 nm 
compare to 19 and 20, respectively. This is due to the twisted orientation of the 
hexaphenylbenzene core of 8 and 9. Delocalization over the entire system is therefore not 
effective. The absorption spectrum of 8o is characterized by a single maximum at 324 nm 
(ε= 290,000 M
-1cm
-1), the molar absorptivity of which was ca. 6 times larger that of 7o (316 
nm, ε= 50,000 M
-1cm
-1). Upon irradiation with UV light at 365 nm, both 7o and 8o undergo 
photocyclization, and two absorption bands appear in the visible region, corresponding to 
7c and 8c, respectively (Scheme 11), with the same maximum at 602 nm. The molar 
absorptivity of 8c (120,900 M
-1cm
-1) was six times that of 7c (20100 M
-1cm
-1), confirming 
that the photoreaction of all photochromic dithienylethene units of 8 was essentially 
complete upon irradiation with UV light (Figure 7). The same absorption maximum of the 
closed form of 7c and 8c suggested that in the star-shaped dithienylethene substituted 
hexaphenylbenzene 8 the chromophores are essentially independent and that there are no 
significant intramolecular interactions between them.  
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Figure 6. UV/Vis absorption spectra of 8 and 9 in open and closed form in toluene. 
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Figure 7. UV/Vis absorption spectra of open and closed forms of 7 and 8 in toluene.  
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Scheme 11. Photochromic reaction of 7-9 described in this chapter. 
6.5   FTIR and Raman Spectroscopy 
An essential prerequisite to the successful application of organic materials to memory 
devices is the achievement of non-destructive readout. Although, the open and closed states 
show large differences in their respective UV-Vis spectra, the use of visible detection is 
often unsuitable for non-destructive readout as visible irradiation results in ring opening. In 
contrast to optical detection in the visible region, FTIR spectroscopy has proven useful in 
achieving non-destructive readout.
28 In addition, Raman spectroscopy offers a 
complimentary non-destructive readout approach to FTIR spectroscopy, owing to its quite 
different technical requirements and its use of near-IR radiation and CCD detectors.
29 An 
extensive investigation of the IR and Raman vibrational structure of dithienylethene was 
reported previously by our group.
30 The FTIR spectra of 7-9 were recorded in the range of 
4000-500 cm
-1. The FTIR spectra of 7-9 for both open and closed forms (Figure 8) are in 
close agreement with spectra reported previously.
30  Comparison of the IR spectra of 7-9 
indicates that absorption at ~1450 cm
-1 is associated with the central cis-bis(trans-
butadiene) core of the closed dithienylethene unit. In the 800-1800 cm
-1  region large  
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changes are observed whereas, in particular the ring breathing vibration at ~1737 and 1492 
cm
-1 reflects the formation of the closed form. However, the strong C-F vibrations in the 
1000-1400 cm
-1 fingerprint region obscure the vibration of the central dithienylethene core, 
rendering them unavailable for use in monitoring ring opening/closing reaction. The close 
similarity of the three systems highlights the isolation of the photochromic units in the 
hexamers. 
 
Figure 8. Overlay of IR spectra of a) 7, b) 8 and c) 9 in both open (solid line) and closed 
(dotted line) forms. 
1800 1600 1400 1200 1000 800
cm -1
a)
1800 1600 1400 1200 1000 800
cm -1
b)
1800 1600 1400 1200 1000 800
cm -1
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The solid state Raman spectra of the open and closed form of dithienylethene 7-9 were 
recorded by excitation at 785 nm (Figure 9). In contrast to the IR spectra in the Raman 
spectra of the dithienylethene switches, the C-F vibration of hexafluorocyclopentene unit 
(e.g. 1340, 1288, 1200 cm
-1), in particular in the 1000-1400 cm
-1 region are weak compared 
to the alkene and aromatic absorptions in the 1400-1650 cm
-1 region. The C=C vibrational 
modes responsible for the absorption in this latter region are relatively unaffected by 
overlap with those of the hexafluorcyclopentene unit. The dithienylethene 7-9o based 
absorption at ~1604 and 1470 cm
-1, which is weak in the IR spectra, is quite strong in the 
Raman spectra.
30 Ring closing of the open form results in a remarkable change in the 
Raman spectra. In addition, a large increase in intensity of bands associated with the 
dithienylethene core, assigned to the extended conjugated cis-bis(trans-butadiene) unit at 
~1504 and 1490 cm
-1.
30 Thus, Raman spectroscopy offers an alternative approach to IR 
spectroscopy for non-destructive readout of dithienylethene switches, on account of the 
large intensity differences between the Raman spectra of the open and closed forms.   
 
Figure 9. Overlay solid state Raman spectra of a) 7, b) 8, and c) 9 in both open (---) and 
closed (─) forms, solid samples were deposited on gold surface, λex = 785 nm. 
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6.6   Redox Properties 
 
The electrochemical properties of all compounds are summarized in Table 2. In the open 
state, all of the compounds examined exhibit an irreversible oxidation process at more 
positive potentials than for the closed state and on the return cycle two new reversible redox 
processes are observed at potentials coincident with those of the closed form. These results 
indicate that similar electrochemical behavior occurs as reported previously for related 
dithienylethenes.
31 The redox chemistry of the open form of 7 is characterized by an 
irreversible oxidation at Ep,a = 1.42 V [vs SCE] as shown in Figure 10a. On the return cycle, 
two new reduction processes are observed at potentials coincident with those of the closed 
form. This indicates that oxidative ring closure to 7c
2+ is occurring. Intermediate 7c
2+ can 
then be reduced, first to 7c
+ and finally to 7c. The electrochemical characteristics together 
with the absence of a redox process between -2 and 1.5 V for the iodo-hexaphenylbenzene 
11, supports the assignment that the oxidative processes observed are centered on the 
dithienylethene unit. In the closed state, 7 shows less positively shifted redox waves than in 
the open form, which indicates destabilization of the HOMO in the closed form. Two fully 
reversible redox processes are observed at 0.78, and 0.92 V [vs SCE], assigned to two one-
electron oxidation steps (Figure 10b). These two oxidation processes are in good agreement 
with the two oxidation processes that appear when oxidizing the open form and were 
assigned to the closed form. Similarly, two irreversible reduction steps are observed at -
1.24 and -1.61 V [vs SCE] (not shown). 
Table 2. Redox properties of open and closed forms  
Compound  Open form  Closed form 
 E p,a E 1/2 
 
Ep,c 
7  1.42 (irr)  0.78, 0.92  -1.20 (irr), -1.58 (irr) 
8  1.34 (irr)  0.79, 0.86  -1.24 (irr), -1.61 (irr) 
9  1.29 (irr)  0.78, 0.87  -1.33 (irr), -1.85 (irr) 
17  1.34 (irr) 0.80,  0.93  - 
18  1.34 (irr) 0.80,  0.93  - 
19  1.40 (irr) 0.79,  0.90  - 
20  1.32 (irr) 0.79,  0.92  - 
Concentrations are between 0.3-1.1 mM in 0.1 M TBAPF6/CH2Cl2, irr = irreversible. 
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Figure 10. Cyclic voltammetry of a) open form and b) closed form of 7 in 0.1 M 
TBAPF6/CH2Cl2 vs SCE at 0.1 V s
-1.  
 
The star-shaped dithienylethene substituted 8 is characterized by an irreversible oxidation at 
Ep,a = 1.34 V [vs SCE] leading to oxidative ring closing to 8c
2+ (Figure 11a). This 
component can then be reduced, first to 8c
+ and finally to 8c. However, more complicated 
redox processes are observed subsequent to the irreversible oxidation at 1.34 V. The 
polycationic species is insoluble in CH2Cl2, which results in its precipitation on the 
electrode surface. As a consequence, on the subsequent cathodic sweep a surface confined 
(non-diffusion dependent) process takes place,
32 observed as a desorption spike at 0.83 V, 
where the precipitated polycationic molecules are reduced to the more soluble 8c
+ state, 
allowing it to desorb form the surface of the electrode and return to solution. The 
polycationic species corresponds to the oxidation of the six units of electroactive 
dithienylethene substituted on hexaphenylbenzene core. In the closed state, two reversible 
oxidation processes are observed at 0.79 and 0.86 V [vs SCE], respectively (Figure 11b). 
These two oxidation processes are in good agreement with those of the closed form of 7. 
Similarly, two irreversible reduction steps are observed at -1.24 and -1.66 V [vs SCE] (not 
shown).  
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Figure 11. Cyclic voltammetry of a) open form and b) closed form of 8 in 0.1 M 
TBAPF6/CH2Cl2 vs SCE at 0.1 V s
-1. 
 
Cyclic voltammetry of 9 in 0.1 M TABPF6/CH2Cl2 shows an irreversible oxidation at 1.29 
V [vs SCE] {9o→9c
2+ }, which gives rise to two reversible redox waves between 0.6 and 
1.0 V [vs SCE] {9c
2+→9c
1+→9c} as depicted in Figure 12a. The two reversible redox 
processes are clearer when observed using differential pulse voltammetry (DPV). Indeed, 
the desorption spike upon reduction of the polycationic species in 8 is not observed in 9 due 
to its higher solubility. For the closed state of 9, two reversible oxidation processes are 
observed at 0.78 and 0.87 V [vs SCE], respectively (Figure 12b). These two redox 
processes are in good agreement with the two oxidation processes that appear when 
oxidizing the open form and were assigned to the closed form. It is interesting to note that 
irrespective of the number of the electroactive dithienylethene groups (i.e., 6 
dithienylethene units in 8 and 9 and one in model compound 7 in the open form), these 
dithienylethenes show the same reversible cyclic voltammogram at a potential of ca. 0.78 
and 0.90 V [vs SCE]. Owing to a similar redox potential of 8c and 9c corresponds to model 
compound 7, it suggests that the dithienylethene units in 8c and 9c are not electronically 
coupled.
5c Thus the redox wave of 8c and 9c can be assigned to a multiple electrons 
transfer
5d in one step (at the constant potential) to produce a highly charged species.   
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Figure 12. Cyclic voltammetry of a) open form and b) closed form of 9 in 0.1 M 
TBAPF6/CH2Cl2 vs SCE at 0.1 V s
-1. 
6.7   Oxidative Cyclodehydrogenation 
6.7.1   Star-shaped dithienylethene-substituted hexaphenylbenzene Towards 
hexadithienylethene-substituted hexabenzocoronene 
 
Hexaphenylbenzene (HPB) derivatives are of particular importance as direct precursors of 
hexabenzocoronene (HBC) derivatives, which are potential candidates for organic 
electronic materials.
33 The cyclodehydrogenation of star-shaped dithienylethene-HPB to a 
symmetric dithienylethene- hexabenzocornene may open up new possibilities in the 
molecular modification of this material for organic electronics. Müllen and co-workers
34 
have developed an efficient method to prepare hexabenzocoronene by Scholl-type oxidative 
cyclodehydrogenation of branched oligophenylenenes with Cu(II) salts such as CuCl2 and 
Cu(OTf)2 catalyzed by AlCl3.
35 However, it is important to note that Lewis acids, in 
addition to favoring the oxidative cyclodehydrogenation of suitable oligophenylenes, 
promote the reversible Friedel-Crafts alkylation also. Thus, under AlCl3 catalysis, 
dealkylation, migration of alkyl side chain, or even chlorination of the aromatic system 
occurs. Optimization of appropriate cyclization conditions provided reasonable yields and 
retention of substitution pattern only when AlCl3 was substituted by weaker Lewis acid 
FeCl3. Use of FeCl3 removes the need for additional oxidant because the oxidation potential 
of FeCl3 is sufficient for the C-C bond formation. The general synthetic method is shown in 
Scheme 12.  
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Scheme 12. General synthetic route to symmetric hexabenzocoronenes.
34  
In an attempt to obtain hexadithienylethene-substituted hexabenzocoronene 25 (Scheme 
13), we used the method developed by Müllen and co-workers.
34 Treatment of 8 with FeCl3 
in CH3NO2 at room temperature, resulting in the appearence of a deep blue color during the 
reaction mixture which is due to the formation of the closed form radical cation of the 
dithienylethene moieties. After work up of the reaction with MeOH, the crude product was 
characterized by MALDI-TOF mass spectroscopy. Unfortunately, the molecular ion of 
desired product 25 was not observed rather only the molecular ion of the starting materials 
8 was present (Scheme 13).  
 
Scheme 13. Attempted synthesis of hexadithienylethene-substituted HBC 25.  
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According to the literature,
34 while the synthetic protocol for HBC materials (Scheme 12) is 
simple and high yielding, some limitations have been encountered. The R substituent is 
limited by its compatibility with the final oxidation step. For example, electroactive 
moieties such as triaryl amines 26 were excluded, presumably due to the preferential 
localization of charge on the nitrogen as the radical cation as shown in Figure 13.
36 The 
selectivity of the cyclodehydrogenation of different substituent groups of 
hexaphenylbenzene core could be related to the stability and reactivity of the radical cations 
formed. Indeed electrochemical oxidation of the open form of the dithienylethene leads to 
the reversible formation of the oxidized closed form of the dithienylethene (vide supra) as 
summarized in Scheme 13. It should be pointed out that the electroactive dithienylethene 
substituted hexaphenylbenzenes 8 and 9 are excluded from the standard FeCl3 oxidative 
cyclodehydrogenation as a result of preferential formation of charge-localized polycationic 
of the dithienylethene species. 
 
Figure 13. Star-shaped triarylamine 26, with six diphenylamine units that are redox active 
sites. 
 
6.7.2   Synthesis of Monodithienylethene Substituted Hexabenzocoronene 27 
 
In the case of monodithienylethene substituted hexaphenylbenzene 1, treatment of 1 with 
FeCl3 yielded the insoluble cyclodehydrogenation product 27 in 43% yield as shown in 
Scheme 14. The very poor solubility of 27 precluded standard 
1H NMR and 
13C NMR 
characterization, however it was possible to characterize the compound by MALDI-TOF 
mass spectrometry. The MALDI-TOF spectra shows a molecular ion peak at m/z = 1070. 
These results indicate that depending on number of electroactive dithienylethene moieties 
the formation of hexabenzocoronene might be controlled. However, the insolubility of 27 
precluded purification of the crude product, so that well-defined experiments on the 
photochemistry behavior were out of reach.  
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Scheme 14. Synthesis of mono-dithienylethene substituted hexabenzocoronene 27. 
6.7.3   Electronic and Photochromic Properties of 27 
 
The UV-vis absorption and fluorescence data of compound 27 are summarized in Table 3. 
Figure 14a shows the UV/Vis absorption spectra of the open and closed form of the 
dithienylethene moiety linked to hexabenzocoronene 27. The strong absorption around 360 
nm is assigned to the chromophore consisting of the hexabenzocoronene,
37 which dose not 
change much upon irradiation with 365 nm light. The colorless solution of the open form 
turned pale blue, in which a absorption maximum was observed at 603 nm which 
corresponds to the closed form of 27. The photochromic switching of 27 can be performed 
over several cycles without degradation. The emission spectrum of 27 shows the 
characteristic emission band of hexabenzocoronene at 487 nm (Figure 14b).
37 However, 
comparison of the emission spectra of the hexabenzocoronene unit of 27 in both open and 
PSS365nm states (λex at 360 nm) shows hardly any change indicating that the 
hexabenzocoronene emission is quenched inefficiently by the dithienylethene moiety. 
Table 3. Absorption and emission spectra of 27 open and PSS365nm 
  Abs λmax / nm (ε /10
3 M
-1cm
-1)
a Fluorescence  λmax / nm
a 
 
27 open  344 sh (65.9), 361 (128.1), 390 sh (51.8)  487, 519 
27 PSS
b  358 (110.3), 388 sh (50.1), 603 (11.8)  487, 519 
aRecorded in toluene, 
bafter irradiation at 365 nm at room temperature to the PSS was reached, sh = shoulder. 
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Figure 14. a) Absorption spectra of 27 open (─) and 27 PSS365nm (---), b) Fluorescence 
spectra of 27 open (─) and and 27 PSS365nm (---). Spectra recorded in toluene (ca. 10
-6 M). 
6.8   Conclusions 
 
Star-shaped dithienylethene-substituted hexaphenylbenzenes 8 and 9 were synthesized 
successfully by cobalt-catalysed cyclotrimerization. This reaction represents an elegant and 
facile method for the synthesis of hexaphenylbenzene centered multi-dithienylethene 
systems. Compounds 8 and 9 show the same absorption maxima at 602 nm with a large 
molar absorptivity i.e. six times higher than their model compound 7 due to the multiple 
numbers of dithienylethene chromophores (six units of dithienylethene moieties undergo 
photoisomerization upon UV-Vis irradiation). There is no evidence for intramolecular 
interaction between the dithienylethene moieties, which is likely to be due to the twisted 
conformation of hexaphenylbenzene core. The large molar absorptivity at low 
concentration without marked changes in absorption maxima is probably a major advantage 
for the application of dithienylethenes in molecular devices. The use of IR or Raman 
spectroscopy provides opportunities for non-destructive readout. The large intensity 
differences in the Raman spectra between open and closed forms facilitate analysis 
procedure due to the absence of strong C-F bond vibrational modes. Although the direct 
synthesis of monodithienylethene substituted hexabenzocoronene 27 with FeCl3 was 
successful, the insolubility of 27 precludes well-defined study of its photochemical 
behavior. Thus, a further design, which enhances a solubility of the compound, is required. 
Furthermore, the construction of star-shaped dithienylethene-substituted 
hexabenzocoronene 25 is precluded due to the formation of polycations by oxidation of 
dithienylethene units. The hexabenzocoronene core in compound 27 does not disturb the 
photochemical switching of dithienylethene moiety upon irradiation with UV/Vis light. In 
addition, the star-shaped molecules 8 and 9 are amenable to be adsorbed on a surface, 
where it should be possible to be visualized by scanning probe microscopy techniques. The 
study of self-assembly at liquid-solid interface of these molecules is currently under way in  
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our laboratories. Due to the fact that synthesis of star-shaped dithienylethene substituted 
hexabenzocoronene was not successful via the oxidative cycloaddition of 
hexaphenylbenzene core, a new strategy is still required. This could be achieved, for 
instance, by using a hexa(4-iodophenyl)-peri-hexabenzocoronene, the preparation of which 
is well established by the Mullen group
38 as a hexabenzocoronene build block and can be 
decorated with rang of useful functional groups. 
6.9   Experimental Section 
See chapter 2 for information on synthesis and general experimental details. FT-IR spectra 
were recorded using UATR sampling accessory, PerkinElmer spectrum 400 FT-IR/FT-FIR 
spectrometer. Raman Spectra were recorded at an excitation wavelength, λexc of 785 nm, 
the samples were used as a solid on gold slides using a PerkinElmer Raman Station 400F 
Raman spectrometer. The preparation of compound 10 has been reported in chapter 2. 
5-(4'-Bromobiphenyl-4-yl)-3-(3,3,4,4,5,5-hexafluoro-2-(5-(4-methoxyphenyl)-2-
methylthiophen-3-yl)cyclopent-1-enyl)-2-methylthiophene (17). t-BuLi (2.6 ml, 1.5 M in 
hexane, 2.6 mmol) was added by syringe to a solution of 10 (1.33 g, 2.6 mmol) in Et2O (80 
ml) under a nitrogen atmosphere at room temperature. After 1h, B(OBu)3 (1.06 ml, 3.9 
mmol) was added and the mixture was stirred for a further 1 h at room temperature. A 
separate flask was charged with 4-bromo-4’-iodobiphenyl 22 (1.88 g, 5.20 mmol), 
Pd(PPh3)4 (91 mg, 0.078 mmol), THF (100 ml), aqueous Na2CO3 (2 M, 20 ml) and ethylene 
glycol (10 drops). The mixture was heated to 80 
oC and the preformed boronic ester was 
added slowly. The reaction mixture was heated at reflux overnight, cooled to room 
temperature, diluted with diethyl ether (100 ml) and washed with H2O (100 ml). The 
aqueous layer was extracted with diethyl ether (2 x 100 ml). The combined organic layer 
was dried over Na2SO4. After evaporation of the solvent, the product was purified by 
column chromatography on silica gel (n-heptane) to afford 17 as a white solid. (1.37 g, 
74%). m.p.= 130-135 
oC. 
1H NMR (400 MHz, CDCl3) δ 1.95 (s, 3H), 1.98 (s, 3H), 3.84(s, 
3H), 6.91 (d, J=8.80 Hz, 2H), 7.16 (s, 1H), 7.32 (s, 1H), 7.47 (d, J=8.43Hz, 4H), 7.60 (m, 
6H); 
13C NMR (100 MHz, CDCl3) δ 14.5 (q), 14.6 (q), 55.4 (q), 114.4 (d), 121.2 (d), 121.8 
(s), 122.6 (d), 125.7 (s), 126.0 (d), 126.2 (s), 126.9 (d), 127.4 (d), 128.5 (d), 132.0 (d), 
132.7 (s), 139.2 (s), 139.4 (s), 140.3 (s), 141.5 (s), 142.2 (s), 159.5 (s) EI-MS (m/z): 706.8 
(M
+, 100); 704.8 (M
+, 97) 
4-Bromo-4'-iodobiphenyl (22). A mixture of 4-bromo-biphenyl 21 (5.5 g, 0.023 mol), 
iodine (12.4 g, 0.048 mol), and diiodine pentoxide (4.7 g, 0.014 mol), 10 ml of carbon 
tetrachloride, and 15 ml of 50% sulfuric acid in 20 ml of nitrobenzene was stirried at 90 
oC 
for 48 h. The reaction mixture was poured into methanol (300 ml), and the precipitates were 
collected by filtration to provide a white solid compound 22 (4.9 g, 58 %). Spectroscopic 
data were identical to those reported in the literature.
23 
4-Iodo-4'-(phenylethynyl)biphenyl (13). 4,4’-diiodobenzene  15 (5g, 12.3 mmol), CuI 
(0.12g, 0.6 mmol) and Pd(PPh3)2Cl2 (0.21g, 0.30 mmol) were stirred in piperidine (60 ml) 
at 50 
oC under argon for 20 min. Phenylacetylene 14 (1.06 ml, 13.5 mmol) was added to the  
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reaction mixture over the next 20 min, and stirring was continued for 3 h at 50 
oC. Saturated 
aq. NH4Cl was added, and the mixture was extracted twice with toluene. The combined 
extracts were washed with water, dried over Na2SO4, and concentrated to dryness. The 
residue was purified on a silica gel column (4:1 n-hexane-toluene), to give compound 13 as 
white powder in 42% yield. Spectroscopic data were identical to those reported in the 
literature.
19 
4-Iodo-4’-(pentaphenyl)biphenyl (11). A mixture of compound 13 (1.00 g, 2.6 mmol) and 
tetraphenyl cyclopentadienone 12 ( 1.10 g, 2.6 mmol) in diphenylether (5 ml) was mixed in 
a screw-capped Pyrex tube, and the tube was placed in a metal bath and heated at 280 
oC 
for 2 h. After cooling, the resulting mixture was dissolved in CH2Cl2, and then methanol 
was added until no more precipitate appeared. The precipitate was collected by filtration, 
washed with ethanol and n-hexane, and dried to give compound 11 (1.61 g, 83%) as a white 
solid. m.p. = 350-353 
oC 
1H NMR (400 MHz, CDCl3) δ 6.87 (s, 27H), 7.07 (d, J= 8.44 Hz, 
2H), 7.16 (d, J= 8.43 Hz, 2H), 7.64 (d, J= 8.80 Hz, 2H)
 13C NMR (100 MHz, CDCl3) δ  
92.7, 125.2, 125.5, 125.6, 126.9, 127.0, 128.9, 131.7, 132.3, 136.5, 137.9, 140.0, 140.6, 
140.7, 140.8, 140.9; Maldi-Tof calc. for C48H33I  = 736.1 found (M+Na) = 759.1.  
Compound 7. t-BuLi (0.62 ml, 1.5 M in n-hexane, 0.62 mmol) was added by syringe to a 
solution of 10 (0.31 g, 0.62 mmol) in Et2O (40 ml) under nitrogen atmosphere at room 
temperature. After 1 h, B(OBu)3 (0.25 ml, 0.93 mmol) was added and the mixture was 
stirred for 1 h at room temperature. A separate flask was charged with compound 11 (0.91 
g, 1.24 mmol), Pd(PPh3)4 (21 mg, 0.01 mmol), THF (70 ml), aqueous Na2CO3 (2 M, 10 ml) 
and ethylene glycol (10 drops). The mixture was heated to 80 
oC and the preformed boronic 
ester was added slowly. The reaction mixture was heated at reflux overnight, cooled to 
room temperature, diluted with diethyl ether (100 ml) and washed with H2O (100 ml). The 
aqueous layer was extracted with diethyl ether (100 ml). The combined organic phases 
were dried over Na2SO4. After evaporation of the solvent, the product was purified by 
column chromatography on silica gel (n-heptane:toluene=3:2) to afford 7 as a white solid 
(0.35 g, 51%). m.p. = 228-230 
oC. 
1H NMR (400 MHz, CDCl3) δ 1.95 (s, 3H), 1.98 (s, 3H), 
3.84 (s, 3H), 6.89 (m, 27H), 7.19 (m, 4H), 7.30 (m, 2H), 7.47 (m, 6H); 
13C NMR (100 
MHz, CDCl3) δ 14.7 (q), 14.8 (q), 55.6 (q), 114.6 (d), 121.5 (d), 122.5 (d), 125.1 (d), 125.4 
(d), 125.5 (s), 126.0 (d), 126.4 (s), 126.8 (d), 126.9 (d), 127.2 (d), 127.4 (d), 128.5 (d), 
129.3(d), 131.6 (d), 131.7 (d), 132.1 (s), 132.2 (d), 136.7 (s), 140.1 (s), 140.4 (s), 140.5(s), 
140.6 (s), 140.7 (s), 140.74 (s), 140.8 (s), 141.4 (s), 142.1 (s), 142.4 (s), 159.7 (s) Maldi-
TOF (calc. for C70H48F6O6S2 m/z = 1082.3) found 1082.2 (M
+) 
(S)-1-Bromo-3,7-dimethyloctane (24). To a solution of (S)-(+)-8-bromo-2,6-dimethyl-2-
octene bromide 23 (2 ml, 10 mmol) in EtOAc (15 ml) was added PtO2 catalyst (40 mg, 
0.176 mmol). H2 gas was bubbled through the solution slowly for about 30 min and the 
reaction mixture was left under H2 atmosphere overnight. The suspension was filtered 
through Celite, washed with diethyl ether, and the solvent was removed under vacuum, 
leaving 2 g (90%) of 24 as a colorless oil. Spectroscopic data were identical to those 
reported previously.
39  
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(S)-5-(4'-Bromobiphenyl-4-yl)-3-(2-(5-(4-(3,7-dimethyloctyloxy)phenyl)-2-
methylthiophen-3-yl)-3,3,4,4,5,5-hexafluorocyclopent-1-enyl)-2-methylthiophene (18). 
Compound 17 (0.32 g, 0.45 mmol) was dissolved in 20 ml of dichloromethane. BBr3 (0.2 
ml, 2.2 mmol) was slowly added. The mixture was stirred for 24 h. The reaction mixture 
was quenched by water and the reaction mixture was extracted with dichloromethane (2 x 
20 ml). The organic layer was washed with water and dried over MgSO4. After evaporation 
of the solvent, the product was further used in the next step without purification. The solid 
was dissolved in 25 ml of acetone and anhydrous K2CO3 (0.20 g, 1.4 mmol) was added 
under argon atmosphere. After 10 min stirring, compound 24 (0.3g, 1.4 mmol) was added 
dropwise via a syringe while the solution was heated at reflux. The reaction mixture was 
subsequently stirred under reflux for 24 h. After cooling down to room temperature, 100 ml 
of water were added. The product was extracted with dichloromethane, the organic layer 
was dried over MgSO4 and filtered, and the solvent was evaporated. The product was 
purified by column chromatography on silica gel (n-heptane) to obtain compound 18 as a 
green solid (0.21 g, 57%). m.p. 105-108 
oC 
1H NMR (400 MHz, CDCl3) δ  0.87 (d, J=6.6 
Hz, 6H), 0.95 (d, J=6.6 Hz, 3H), 1.13-1.35 (m, 6H), 1.61 (m, 2H), 1.84 (m, 2H), 1.95 (s, 
3H), 1.98 (s, 3H), 4.01 (m, 2H), 6.90 (d, J=8.8 Hz, 2H), 7.16 (s, 1H), 7.32 (s, 1H), 7.47 (m, 
4H), 7.60 (m, 6H); 
13C NMR (100 MHz, CDCl3) δ 14.5 (q), 14.6 (q), 19.63 (q), 22.6 (q), 
22.7 (q), 24.6 (t), 27.9 (d), 29.8 (d), 36.1 (t), 37.3 (t), 39.2 (t), 66.5 (t), 115.0 (d), 121.1 (d), 
121.8 (s), 122.6 (d), 125.6 (s), 125.9 (s), 126.0 (d), 126.8 (d), 127.4 (d), 128.5 (d), 132.0 
(d), 132.7 (s), 139.2 (s), 139.3 (s), 140.2 (s), 141.5 (s), 142.3 (s), 159.1 (s) Maldi-TOF 
(calc. for C43H41F6OS2 = 831.8) m/z = 831.6 (M
+) 
1,2-Bis(4'-(4-(3,3,4,4,5,5-hexafluoro-2-(5-(4-methoxyphenyl)-2-methylthiophen-3-
yl)cyclopent-1-enyl)-5-methylthiophen-2-yl)biphenyl-4-yl)ethyne (19).  
Route 1 An 8 ml thickwalled sealed tube with teflon-coated magnetic stir bar was fitted 
with a rubber septum and flame dried under vacuum. The tube was purged with dry argon, 
and charged with PdCl2(PPh3)2 (4 mg, 6 mol%), CuI (1.8 mg, 10 mol%) and starting material 
17 (70 mg, 0.1 mmol) in dry benzene 2 ml. Argon-sparged DBU (88 μl, 6 equiv) was then 
added by syringe, followed by a purge of the reaction tube with argon. Distilled water (1 μl, 
40 mol%) was added by syringe, and the septum was removed. Immediately, ice-chilled 
ethynyltrimethylsilane (7 μl, 0.50 equiv) was added by syringe and the sealed tube is 
capped tightly. The reaction tube was submerged in a 60 
oC mineral oil bath, blocked from 
incidental light, and left stirring at a high rate for 18 h, at the end of which the tube was 
removed from the oil bath and cooled to room temperature. The reaction mixture was 
partitioned in diethyl ether and distilled water (20 ml each). The organic layer was washed 
with 10% aq. HCl (3 x 10 ml), saturated aq. NaCl (1 x 10 ml), dried over MgSO4, and the 
solvent removed by evaporation. Product 19 was purified by silica gel column 
chromatography (10% EtOAc:n-heptane) to provide in 18% yield, 15 mg of a solid. 
Route 2 To a solution of compound 17 (1.09 g, 1.54 mmol), and Pd(PPh3)4 (0.16 g, 0.30 
mmol) in dry toluene 30 ml under argon atmosphere was added dropwise 
bis(tributylstanyl)acetylene (0.42 g, 0.7 mmol). The reaction mixture was refluxed for 24 h. 
After cooling, the solvent was removed under reduced pressure and the residue purified by 
column chromatography (silica gel 10% EtOAC:n-heptane) to afford 0.46 g of 19 as a  
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green solid (67% yield). m.p.= 180-185 
oC. 
1H NMR (400 MHz, CDCl3) δ 1.96 (s, 6H), 
1.99 (s, 6H), 3.84 (s, 6H), 6.92 (d, J=8.80 Hz, 4H), 7.17 (s, 2H), 7.34 (s, 2H), 7.47 (d, 
J=8.79 Hz, 4H), 7.63 (m, 16H); 
13C NMR (100 MHz, CDCl3) δ 14.5 (q), 14.6 (q), 55.4 (q), 
90.2 (s), 114.4 (d), 121.2 (d), 122.4 (s), 122.6 (d), 125.7 (s), 126.0 (d), 126.6 (s), 126.8 (d), 
126.9 (d), 127.5 (d), 132.1 (d), 132.7 (s), 139.7 (s), 140.0 (s), 140.3 (s), 141.5 (s), 141.6 (s), 
142.2 (s), 159.5 (s). Maldi-TOF (calc. for C70H46F12O2S4 m/z=1274.2), found =1274.1 (M
+) 
1,2-Bis(4'-(4-(2-(5-(4-((S)-3,7-dimethyloctyloxy)phenyl)-2-methylthiophen-3-yl)-
3,3,4,4,5,5 hexafluorocyclopent-1-enyl)-5-methylthiophen-2-yl)biphenyl-4-yl)ethyne 
(20). To a solution of compound 18 (0.48 g, 0.57 mmol) and Pd(PPh3)4 (60 mg, 52 μmol) in 
dry toluene 10 ml under argon atmosphere was added dropwise 
bis(tributylstannyl)acetylene (0.15 g, 0.26 mmol). The reaction mixture was refluxed for 24 
h. After cooling, the solvent was removed under reduced pressure and the residue purified 
by column chromatography (silica gel 10%EtOAc:n-heptane) to afford 0.29 g of 20 as a 
green solid (66% yield).
 m.p. = 114-119 
oC.
 1H NMR (400 MHz, CDCl3) δ  0.87 (d, J=6.6 
Hz, 12H), 0.95 (d, J= 6.23 Hz, 6H), 1.15-1.30 (m, 12H), 1.61 (m, 4H), 1.85 (m, 4H), 1.96 
(s, 6H), 1.98 (s, 6H), 4.01 (m, 4H), 6.91 (d, J= 8.43 Hz, 4H), 7.16 (s, 2H), 7.34 (s, 2H), 7.46 
(d, J= 8.43 Hz, 4H), 7.63 (s, 16H);
 13C NMR (100 MHz, CDCl3) δ 14.5 (q), 14.6 (q), 19.6 
(q), 22.6 (q), 22.7 (q), 24.6 (t), 27.9 (d), 29.8 (d), 36.1 (t), 37.3 (t), 39.2 (t), 66.5 (t), 90.2 
(s), 114.9 (d), 121.1 (d), 122.4 (s), 122.6 (d), 125.7 (s), 125.9 (s), 126.0 (d), 126.7 (d), 126.8 
(d), 127.5 (d), 132.1 (d), 132.6 (s), 139.6 (s), 140.0 (s), 140.2 (s), 141.5 (s), 141.6 (s), 142.3 
(s), 159.1 (s) Maldi-TOF (calc. for C88H82F12O2S4 m/z = 1526.5) found 1526.2 (M
+) 
Compound 8. Compound 19 (0.3 g) was dissolved in 10 ml dioxane, the mixture was 
purged by bubbling with argon for 30 min and Co2(CO)8 (16 mg) was added and the 
reaction mixture was heated at reflux for 7 h. The reaction was stopped and the solvent was 
removed under vacuum. The residue was purified by column chromatography (EtOAc:n-
heptane=3:2) to provide 0.13 g (44%) of 19 as a green solid. m.p.= 125-129 
oC 
1H NMR 
(400 MHz, CDCl3) δ 1.92 (s, 18H), 1.95 (s, 18H), 3.82 (s, 18H), 6.90 (d, J=8.80 Hz, 12H), 
7.04 (d, J=8.06 Hz, 12H), 7.22 (m, 24H), 7.44 (m, 36H); 
13C NMR (100 MHz, CDCl3) 
δ 14.4 (q), 14.5 (q), 55.3 (q), 114.4 (d), 121.21 (d), 122.2 (d), 125.2 (d), 125.7 (d), 125.9 
(s), 126.2 (s), 126.9 (d), 127.1 (d), 131.9 (s), 132.0 (d), 136.8 (s), 140.0 (s), 140.2 (s), 141.1 
(s), 141.8 (s), 142.2 (s), 159.5 (s) Maldi-TOF (calc. for C210H138F36O6S12 m/z = 3824.6) 
found 3824.6 
Compound 9. Compound 20 (0.21 g) was dissolved in 10 ml dioxane, the mixture was 
degassed by bubbling with argon for 30 min and 9.6 mg of [Co2(CO)8] were added. The 
reaction mixture was heated at reflux for 7 h. The reaction was stopped and the solvent was 
removed under vacuum. The residue was purified by column chromatography (toluene:n-
heptane=1:4) to yield 0.14 g (66%) of product 9 as a green solid. m.p. 127-130 
oC. 
 1H 
NMR (400 MHz, CDCl3) δ  0.87 (d, J= 6.6 Hz, 36H), 0.94 (d, J=6.6 Hz, 18H), 1.10-1.40 
(m, 36H), 1.61 (m, 12H), 1.85 (m, 12H), 1.90 (s, 18H), 1.93 (s, 18H), 4.01 (m, 12H), 6.89 
(d, J= 8.43 Hz, 12H), 7.01 (d, J=8.07 Hz, 12H), 7.15-7.26 (m, 24H), 7.45 (m, 36H).
 13C 
NMR (100 MHz, CDCl3) δ  14.45 (q), 14.54 (q), 19.63 (q), 22.59 (q), 22.70 (q), 24.64 (t), 
27.96 (d), 29.82 (d), 36.12 (t), 37.27 (t), 39.22 (t), 66.47 (t), 114.93 (d), 121.06 (d), 122.20  
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(d), 125.16 (d), 125.66 (s), 125.73 (d), 125.90 (s), 126.85 (d), 127.16 (d), 131.99 (d), 
136.84 (s), 139.91 (s), 140.01 (s), 140.16 (s), 140.27 (s), 141.22 (s), 141.78 (s), 142.29 (s), 
159.05 (s). Maldi-Tof calc. for C264H246F36O6S12 m/z = 4581.5, found 4581.4 
5-(4-(Hexabenzocoronen-2-yl)phenyl)-3-(3,3,4,4,5,5-hexafluoro-2-(5-(4-
methoxyphenyl)-2-methylthiophen-3-yl)cyclopent-1-enyl)-2-methylthiophene 27. 
Compound 7 (100 mg) was dissolved in 50 ml CH2Cl2. Throughout the whole reaction a 
constant stream of argon was bubbled through the mixture to remove HCl formed in situ. A 
solution of 0.53 g (36 eq) of FeCl3 in 1.5 ml CH3NO2 was added dropwise and the mixture 
was stirred for 1.5 h at room temperature. Methanol 100 ml was added to quench the 
reaction, resulting in a dark precipitate. The precipitate was collected and washed with 
methanol until the filtrate was colorless, dried under reduced pressure to give 43 mg of 
insoluble product 27 (43%). MALDI-Tof (TNCQ as matrix): calc. for C70H36F6OS2 m/z = 
1070.2, found 1070.5. 
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Summary 
 
Switches to turn electrical devices on and off are ubiquitous and no computer could 
function without them. Molecular switches work in the same way, changing from one state 
to another state in response to changes in their environment. In the last decade of the 20
th 
century, the use of computers for information storage and handling has impinged on all 
parts of society. The continuously increasing amount of data to be stored and manipulated 
has generated the need for high speed computers and large storage capacities. In contrast to 
macroscopic switches that turn electronic appliances on and off, molecular switches can 
enable the storage of information at the molecular level, which has a potential to 
significantly influence the development of optoelectronic materials and information storage 
technologies.   
Typically, molecular switches are compounds that interconvert between two different states 
(A and B) reversibly using an external stimulus such as light, electricity (redox switches), 
chemical reagents, or any non-destructive trigger that can be employed to induce a 
reversible change in the system as shown in Figure 1. The A and B forms should exhibit 
different properties, such as a large change in shape, polarity, redox chemistry, etc.  
A B
S1
S2  
Figure 1. A and B represent two different states of a photochromic switch, each of which 
can be addressed selectively by different external stimuli (S1 or S2). 
 
Photochromic compounds interconvert between two forms having different absorption 
spectra (colorless to colored forms) upon irradiation with the appropriated wavelengths of 
light. These compounds have a potential to act as molecular switches, processing an ON 
and an OFF state. Among the many known photochromic systems, this thesis is focused on 
dithienylethenes photochromic compounds, which have received attention as candidates for 
new materials in optoelectronic devices as shown in scheme 1. Novel photochromic 
dithienylethenes were designed, synthesized and evaluated for potential use in molecular 
devices. 
 
Scheme 1. The photochromic reaction of dithienylethene switches 
In chapter 1, an overview of recent literature covering several types of photochromic 
materials, which have a potential application in the development of molecular electronic 
devices, is described. The main focus of this chapter is the application of photochromic 
dithienylethene compounds as multi-functional switches. Emphasis is placed on their multi- 
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functional properties and in particular, the reversible control of functions including self-
assembly, molecular conductivity, fluorescence, fluorescence probes for biomolecules, 
surface morphology, multi-addressable photochromic switching, and photocontrolled metal 
deposition. The later part of this chapter provides a short overview of electrochemical 
switching of dithienylethenes. 
In chapter 2 the synthesis and photochemical characterization of a dithienylethene dimer 1 
covalently tethered by a short linker, -SiMe2-, is described. The dithienylethene dimers 
described in this chapter show three state photochromic switching from open-open, open-
closed, and closed-closed states allowing for higher logic operations that can be used as 
higher density data storage (Figure 2). 
 
Figure 2. Photochromic reactions of dithienylethene dimer described in chapter 2. 
In chapter 3, two types of diarylethene derivatives with and without a fluorophore 
substituent  2 and 3 were designed for immobilization on quartz and ITO surface. 
Immobilized monolayers of both dithienylethene derivatives 2 and 3 on quartz substrates 
were obtained and their functionality (photochemical properties) observed in solution are 
still retained once immobilized on the quartz surfaces. However, the functionalized 
dithienylethene with a coumarin fluorophore, 3 did not accomplish electrochemically 
controlled fluorescence switching on an ITO-surface, owing to the instability of the 
monolayer.  
The immobilized dithienylethene 2 on ITO surfaces can undergo multiple ring-opening and 
ring-closing reactions both electrochemically and photochemically. Importantly, the state of 
the modified surface can be read ‘non-destructively’ in an electrochemical procedure as 
shown in scheme 2 which allows for a Write-Read-Erase information storage system. 
Compound 2o undergoes a ring closing reaction to form 2c after application of a potential  
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at 1.2 V or upon UV light irradiation whereas the ring-closed 2c undergoes a ring opening 
after either application of a potential at 0.6 V or upon visible light irradiation. 
The open form can act as an information recording interface. The information is ‘written’ 
either photochemically or electrochemically (i.e. to produce the closed form) and the 
information stored can be erased subsequently by either photochemical or electrochemical 
conversion from the closed form to open form. The information is ‘read out’ non-
destructively by monitoring the reversible 1
st oxidation of the closed form 
electrochemically in the potential range of 0.0 to 0.5 V. In the same potential window the 
open form is electrochemically inert. Moreover, this system demonstrates that robust 
immobilisation of monolayers of dithienylethene switches 2  can be achieved on non-
metallic interfaces, without loss of functionality. 
 
 
Scheme 2. Schematic represent a Write/Read/Erase information system based on 
dithienylethenes on ITO. 
In chapter 4, the photochemical switching properties of the dithienylethene functional units 
have been employed to control the electropolymerizability of bis-terthiophene monomers 4  
onto conducting surfaces. The spectroscopic, electrochemical and photochemical properties 
of the monomer in solution are compared with those of the polymer formed through 
oxidative electropolymerization. The combination of alkene bridged terthiophene units and 
the photoswitchable dithienylethene unit provides the ability to switch on and off the 
electropolymerizability of the monomer 4F with UV and visible light, respectively. In the 
open state (4Fo) electropolymerization yields alkene bridged sexithiophene polymers 
through oxidative α,α-terthiophene coupling while in the closed state (4Fc) the 
polymerizability is switched off (Scheme 3). This system allows for light control of 
electropolymerization of the monomer through optical patterning.  
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Scheme 3. Photochemical switching between polymerizable (4Fo) and non-polymerizable 
(4Fc) states towards poly-sexithiophene bridged alkene (poly-4Fo) formation. 
In chapter 5, two photochromic dithienylethene based sexithiophenes are described, 
prepared by oxidative electrochemical coupling of α,α-substituted terthiophenes (Scheme 
4). These hybrid systems can be switched between three electronic states, i.e. open-open, 
closed-open and closed-closed states. The photochemical activity of these end-substituted 
sexithiophenes demonstrates that the photochromic properties of the dithienylcyclopentene 
motif are retained when part of a sexithiophene molecular wire.  
 
Scheme 4. Electrochemical synthesis of dithienylethene based sexithiophene molecular 
wire. 
 
Finally, in chapter 6 star-shaped dithienylethene substituted hexaphenylbenzenes 9 and 10 
were synthesized successfully by cobalt-catalysed cyclotrimerization (Scheme 5). This 
reaction represents an elegant and facile method for the synthesis of hexaphenylbenzene 
centered multi-dithienylethene systems. All six dithienylethene units in 9  and 10 can 
undergo photoisomerization between open and closed states and importantly, significant  
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intramolecular communication between the photochromic unit moieties is absent. This is 
attributed to the twisted conformation of hexaphenylbenzene core. 
 
Scheme 5. Star-shaped dithienylethene substituted hexaphenylbenezene 9 and 10. 
In summary, this thesis presents the design, synthesis, and study of new photochromic 
dithienylethenes. The systems described were designed to function in optoelectronic device 
application for instance as materials for read/write/erase information storage. Many 
important properties and current limitations of dithienylethene compounds were identified. 
The research presented in this thesis has shown how structural modification of 
dithienylethene switches affects their reversible functional properties, e.g. optical 
electrochemical switchable properties. These systems might form the basis of future 
applications, included molecular devices and fluid flow control in microfluidics. 
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Samenvatting 
 
Schakelingen om elektrische apparatuur aan en uit te zetten zijn alom vertegenwoordigd. 
Geen enkele computer zou zonder dit soort schakelingen kunnen functioneren. Moleculaire 
schakelingen werken op dezelfde manier; ze veranderen van de ene in de andere toestand 
als reactie op veranderingen in hun omgeving. In het laatste decennium van de afgelopen 
eeuw heeft het gebruik van computer voor data opslag zijn intrede gedaan in alle lagen van 
de samenleving. Door de continu groeiende hoeveelheid aan data die moet worden 
opgeslagen en verwerkt is er vraag naar snelle computers met een grote opslag capaciteit. In 
tegenstelling tot macroscopische schakelingen, die elektronische apparatuur aan- en 
uitzetten, kunnen moleculaire schakelingen informatie opslaan op een moleculair niveau. 
Dit biedt mogelijkheden voor de ontwikkeling van opto-elektronische materialen en een 
nieuwe technologie voor informatie opslag.  
Kenmerkend voor moleculaire schakelingen is dat ze reversibel kunnen veranderen tussen 
twee toestanden (A en B) door middel van een externe stimulus zoals licht, elektriciteit ( 
redox schakelingen), chemische reagentia of door middel van een andere niet destructieve 
initiator die gebruikt kan worden om reversibele veranderingen tot stand te brengen zoals 
aangegeven in figuur 1. Hierbij moeten A en B verschillende eigenschappen hebben met 
betrekking tot een grote verandering in vorm, polariteit, redox chemie, etc. 
A B
S1
S2  
Figuur 1: A en B vertegenwoordigen twee toestanden van een moleculaire schakeling. 
Verschillende stimuli (S1 en S2) kunnen worden gebruikt voor het specifiek bereiken van 
een van beide toestanden.  
Fotochrome stoffen hebben twee toestanden met een verschillend absorptie spectrum 
(kleurloos en gekleurd) waartussen ze geschakeld kunnen worden door middel van 
bestraling met licht van de juiste golflengte. Er zijn veel fotochrome stoffen bekend, maar 
in dit proefschrift staan fotochrome stoffen opgebouwd uit dithienyletheen centraal. Deze 
stoffen staan in de belangstelling als mogelijke materialen in  opto-elekronische systemen. 
Nieuwe fotochrome dithienylethenen zijn gesynthetiseerd en geëvalueerd voor potentieel 
gebruik.  
 
Schema 1. De fotochrome reactie van dithienyletheen schakelaars.  
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In hoofdstuk 1 wordt een overzicht gegeven van recente literatuur over verschillende 
fotochrome materialen die het potentieel hebben om gebruikt te worden in de ontwikkeling 
van moleculaire materialen. Het hoofdstuk gaat met name over de toepassing van 
fotochrome stoffen bestaand uit dithienylethene in multifunctionele schakelingen. De 
nadruk wordt gelegd op hun multifunctionele eigenschappen. In het bijzonder de controle 
over functies zoals zelfordening, fotogecontroleerde moleculaire geleiding, schakelbare 
fluorescente sondes voor biomoleculen, oppervlakte morfologie, specifiek gestuurde 
fotochrome schakelingen en foto-gecontoleerde metaal depositie vallen binnen het 
aandachtsgebied. Dit laatste gedeelte van het hoofdstuk bevat ook een kort overzicht van 
het elektrochemisch schakelen van  dithienylethenen.  
In hoofdstuk 2 worden de synthese en de fotochemische karakterisatie van een 
dithienyletheen dimeer 1, covalent verbonden door een korte –SiMe2– brug, beschreven. 
Dit hoofdstuk laat zien dat het schakelen van fotochrome dithienyletheen dimeren gebeurt 
in drie stappen, open-open, open-gesloten en gesloten-gesloten. Dit biedt mogelijkheden 
voor hogere logische operaties die kunnen worden toegepast in hoge dichtheid data opslag 
(figuur 2). 
 
Figuur 2. Fotochrome reacties van dithienyletheen dimeer zoals beschreven in hoofdstuk 2. 
In hoofdstuk 3 worden twee derivaten van diaryletheen ontworpen met en zonder 
fluorescerend substituent 2 en 3 voor immobilisatie op metaal oxide oppervlakten. 
Zelfgeorganiseerde monolagen van beide dithienyletheen derivaten 2 en 3 kunnen worden 
geïmmobiliseerd op een kwarts ondergrond waarbij hun functionaliteit (fotochemische 
eigenschappen), zoals gemeten in oplossing, behouden blijven. Echter, de dithienyletheen 
met de coumarine fluorofoor 3 laat op een ITO oppervlak geen elektrochemisch 
gecontroleerd schakelen van fluorescentie zien. Dit is te wijten aan de instabiliteit van de 
monolaag.  
Reversibele ring opening en sluiting van geïmmobiliseerd dithienyletheen 2 op ITO kan 
elektrochemisch en fotochemisch plaatsvinden. Belangrijk hierbij is om op te merken dat  
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de toestand van het geïmmobiliseerde oppervlak niet destructief uitgelezen kan worden 
door middel van elektrochemie zoals beschreven in schema 2. Dit maakt het Schrijven-
Lezen-Wissen principe van informatie opslag mogelijk. Molecuul 2o ondergaat ringsluiting 
tot  2c bij een potentiaal van 1.2 V of door middel van bestraling met UV licht. Ring 
opening van het gesloten molecuul 2c vindt plaats bij een potentiaal van 0.6 V of door 
middel van bestraling met zichtbaar licht.  
De open vorm kan gebruikt worden als een medium voor het vastleggen van data. 
Informatie kan fotochemisch en elektrochemisch geschreven worden (vorming van de 
gesloten toestand) en desgewenst gewist worden door fotochemische of elektrochemische 
conversie naar de open vorm. De informatie wordt niet destructief uitgelezen door het 
elektrochemisch monitoren van de reversibele 1
e oxidatie van de gesloten toestand in het 
potentiaal bereik tussen 0.0 en 0.5 V. In dit gebied is de open vorm elektrochemisch inert. 
Dit systeem laat bovendien zien dat het mogelijk is om robuust geïmmobiliseerde 
monolagen te maken van dithienyletheen 2 zonder verlies van functionaliteit. 
 
 
Schema 2. Schematische representatie van een Schrijven-Lezen-Wissen informatie systeem 
gebaseerd op dithienyletheen op ITO.  
In hoofdstuk 4 zijn de fotochemische schakel eigenschappen van dithienyletheen gebruikt 
om de elektropolymerisatie van bis-terthiofeen monomeer 4 op geleidende oppervlakken te 
controleren. De spectroscopische, elektrochemische en fotochemische eigenschappen van 
de monomeren in oplossing zijn vergeleken met die van het polymeer gevormd door 
oxidatieve elektropolymerisatie. Door combinatie van terthiofeen, verbonden via een alkeen 
brug, met fotoschakelbare dithienylethenen kan de elektropolymerisatie van monomeer 4F 
aan- en uitgezet worden door het te bestralen met, respectievelijk, UV en zichtbaar licht. In 
de open vorm (4Fo) leidt elektropolymerisatie tot sexithiofeen polymeren verbonden door 
alkeen bruggen door oxidatieve α-α-terthiofeen koppeling. In de gesloten toestand (4Fc) 
vindt polymerisatie niet plaats (schema 3). Dit systeem maakt lokale elektropolymerisatie 
door middel van optische patronen mogelijk.   
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Schema 3. Fotochemische schakeling tussen polymeriseerbaar 4Fo en niet 
polymeriseerbaar 4Fc voor de vorming van  poly-sexithiofeen met alkeen bruggen.  
In hoofdstuk 5 worden twee fotochrome, op dithienyletheen gebaseerde, sexithiofenen 
beschreven die gemaakt zijn door oxidatieve elektrochemische koppeling van α,α-
gesubstitueerde terthiofeen (schema 4). Deze hybride systemen kunnen geschakeld worden 
tussen drie elektronische toestanden, open-open, open-gesloten en gesloten-gesloten. De 
fotochemische activiteit van de eindgesubstitueerde sexithiofenen laat zien dat de 
fotochrome eigenschappen van het dithienylcyclopenteen motief behouden zijn in een 
moleculair draadje.  
 
Schema 4. Elektrochemische synthese van op dithienylethene gebaseerde sexithiofeen 
moleculaire draadjes. 
Tenslotte worden in hoofsdtuk 6 stervormige dithienylethene gesubstitueerde 
hexafenylbenzenen  9 en 10 succesvol gesynthetiseerd via kobalt gekatalyseerde 
cyclotrimerisatie (schema 5). Deze reactie is een elegante en simpele methode voor de 
synthese van multi-dithienylethene systemen met een hexafenylbenzeen centrum. 
Fotoisomerisatie vindt plaats in alle zes dithienylethene groepen in 9 en 10. Opmerkelijkis  
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de afwezigheid van significante communicatie tussen de fotoactieve groepen. Dit effect is 
toe te wijzen aan de getwiste conformatie van de hexafenylbenzeen kern. 
 
Schema 5. Stervormige dithienyletheen gesubstitueerde hexafenylbenzeen 9 en 10. 
In dit proefschrift omvat de synthese en karakterisatie van nieuwe fotochrome 
dithienylethenen. De beschreven systemen zijn ontworpen voor gebruik in 
optoelektronische materialen wellicht geschikt voor Schrijven-Lezen-Wissen informatie 
opslag. Er zijn veel belangrijke eigenschappen en huidige limitaties van verbinding 
gebaseerd op met dithienylethene naar voren gekomen. Het onderzoek beschreven in dit 
proefschrift heeft laten zien hoe modificatie van de structuur van dithienyletheen de 
reversibele functionele eigenschappen beïnvloedt. Dit systeem zal de basis vormen van 
toekomstige toepassingen inclusief schakelbare moleculaire materialen en controleerbare 
micro vloeistof stromen. 
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และที่จะลืมไม่ได้ ก็คือ นพและปัท พี่ต้องขอขอบใจนพและปัทมากๆที่ช่วยเป็นกําลังใจ และให้คําปรึกษาระหว่างที่พี่กําลังเขียนทีสีส 
ตลอดจนกิจกรรมต่างๆที่เราได้ทําร่วมกันที่นี้ ไม่ว่าจะเป็นทริปที่ไปเที่ยว โดยเฉพาะทริปที่ไปเยี่ยมปอและอ.เทียนที่สวิสเซอร์แลนด์ หรือการ
ทําอาหารไทยกินกัน โดยเฉพาะนพซึ่งทํากับข้าวอร่อยมาก สุดท้ายพี่หวังว่าเราคงจะได้พบกันอีกที่เมืองไทย หรืออาจจะได้ทํางานร่วมกันใน
อนาคตนะ 
สุดท้ายวิทยานิพนธ์เล่มนี้จะสําเร็จไม่ได้ ถ้าไม่ได้กําลังใจและการสนับสนุนจากสมาชิกในครอบครัว ไม่ว่าจะเป็นป๊า น้าเหมี๊ยว อาแอท ย่า ไก่ 
และทุกๆคน ตลอดเวลาสี่ปีที่อยู่ที่นี้กําลังใจจากครอบครัวเป็นสิ่งสําคัญมากที่ทําให้ปูมีวันนี้ ปูอยากจะขออุทิศวิทยานิพนธ์เล่มนี้ให้กับแม่ 
ถึงแม้ว่าวันนี้แม่จะไม่ได้อยู่กับปูแล้ว แต่ปูรู้ว่าแม่คงจะรับรู้ถึงความสําเร็จของปูในวันนี้ไม่ทางใดก็ทางหนึ่ง  
Finally, to family and friends for your love and support.   
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